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PROPULSION SYSTEN DYNAMIC SIMULATION

THEORY AND EQUATIONS

By Arnold W. Martin

North American Aviation, Ime.

SUMMARY

This report presents the theory, equations and assumptions for a pro-
pulsion system dynamic simulation program with emphasis on the air induction
system.

Although the simulation program was developed and used primarily for
the XB-70, the theory and equations are sufficlently general to be appli-
cable to a wide range of inlet configurations and flight conditions.
Similarly, while the majority of simulation runs have utilized a digital
computer in conjunction with the General Electric Company's "Dynasyar’
program, the simulation is adaptable to other camputing systems, and to

analog computers.
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INTRODUCTION

In the develomment of any propulsion system dynsmics simulation, a
choice must inevitably be made between accuracy, and cost and complexity.
Almost as imevitably, the optimum compromise of these conflicting require-
ments will differ from simulation run to simulation run. Therefore » the
simulation program provided as part of contract NAS2-3268, reference 1,
has been based on a "building block" concept wherein each of the building
blocks can be as sophisticated or as simple as 1is appropriate. The same
concept is used here in describing the logic and equations for various

portions of the simulation program.

Air Induction System Simulation:

For illustrative purposes, the simulation theory and equations pre-
sented here are of an intermediate degree of sophistication, and assume an
air induction system similar to that of the XB-70. In particular, it is
assumed that 1) inlet boundary layer air is bled through porous material
covering appreciable portions of the throat and internal contraction sections
of the inlet, and 2) bypass air is extracted from the duct immediately up-
stream of the engine face. Deteils of any specific configuration can
usually be accounted for by minor changes in the equations.

The overall air induction system simulation program 1s capable of
simulating almost any mode of inlet operation, from static conditions to
high supersonic Mach numbers, from all external to all internal shock
campression, and from small disturbances to hammershock. Usually, the

event to be simulated and the associated mode of inlet operation will be
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-/ known prior to making a simulation run. Consequently the portions of the

simulation not applicable to the run can be eliminated. Similarly, many
of the options within each phase or'mode of inlet operation can be

eliminated for a given simulation run.

Air Inductioam Oontrol System and Engine System Simulations:

Both the air induction cantrol system and the engines for a given
aireraft tend to be highly dependent on the specific configuration.
Consequently, only highly simplified control system and engine system
simulations are presented.

On first acquaintance, these representations may seem to be
simplified to the extent of being useless. Experience with the simulation
progran has shown, however, that such representation can be extremely
useful, for example, in 1) mapping areas vhere detailed testing is
required or vhere a high degree of simulation accuracy is required, 2)
simulating malfunctions, 3) analyzing test data, and 4) determining the
necessary dynamics response characteristics for various elements of a
control system. Such representations have the very appreciable advantage

of being easily interpreted, readily changed, and economically run.



AIR INDUCTION SYSTEM

Air Induction System Phases of Opsration

From both logic and convenience considerations, the air induction
system simulation program is divided into phases or modes of operation.
These phases have been arbitrarily designated as Started, Unstarting,

Empty-Fill, Suberitical, and Hammershock.

Started Phase:

In the Started Phase, an inlet operates with either a combination
of external and internal shock compression or all internal shock compression,
The terminal normal shock 18 located downstream of the effective throat as
illustrated in figure 1, If the terminal shock were initially at position
"a" and the engine or bypass airflow demand decreased, pressure in the duct
would increase and the terminal shock would move forward. Maximm total
pressure recovery 1s obtained with the terminal normal shock at the
effective throat. Figure 2 shows the typical rise in engine-face total
pressure recovery as the terminal shock moves from "a" to "d" with decrease
in airflow demand. Should the terminal shock move forward of the effective

throat, the inlet unstarts.

Unstarting Phase:

Once the terminal normal shock moves forward of the effective throat,
continuity of mass, energy and momentum requires that it continue to move
forward past the cowl lip. As the teminal shock moves from "b" to "e"

figure 3, engine face total pressure recovery drops as shown in figure 2.
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~ Inlst operatien during the termimal shock travel fram the effective throat

to the covl lip is termed the Unstarting Phase.

The wstart just described wvas caused by the airflow demand downstream
of the imlet throat being less than the airflow captured by the started
inlet. Unstart also results vhen the inlet throat area becomes insufficient
to pass the captured airflow. Such a condition can arise becawe of a
decrease in throat area, a reduction in Mach nmumber, or an increase in
captured airflov caused by attitude or inlet geometry changes. Whichever
the cause, a normal shock forms in the throat and moves upstream as illus-
trated in figure 4. (It is to be noted that this shock is in addition to
the existing terminal normal shock.) Depending on the terminal shock
location at the instant of throat choking, the terminal normal shock may
move upstream fast enough to catch and coalesce with the forward normal

shock before 1t reaches the cowl lip.

Empty~Fill Phase:

As the terminal normal shock moves forward of the cowl lip, the
large static pressure rige across the shock tends to cause massive
separation of the boundary layer on the external ccnpreuionrsurfa.ces.
Figure 5 1llustrates how the flow separation restricts the effective
inlet throat area to a fraction of the geometric area. With inflow
greatly reduced and outflow (engine and bypass demand) proportional to
the instantaneous duct total pressure, engine face total pressure will drop
rapidly from condition "d" to "e" as shown in figure 2., During this empty-
ing phase, a terminal shock forms in the effectlve throat and moves down-
stream as the duct pressure drope. (Note that there is an external amd

an internal normal shock during this phase.)



After duct pressure drops to a critical level, the separated flow
reattaches as shown in figure 6. With outflow low because of the low duct
pressure, inflow exceeds outflow, duct pressure rises; and the terminal
normal shock moves upstream. Depending on the engine and bypass demand,
the terminal shock will either 1) proceed forwvard of the cowl lip,
triggering boundary layer separation and a new emptying phase, or 2)
stabilize in a supercritical positions downstream of the inlet throat,
point "g" of figure 2,

The Empty-Fi1ll Phase described above 1s applicable to all of the
unstart cycle subsequent to the Unstarting Phase, and to buzz, and super-

critical stabilized operation. -

Suberitical Phase:
Subcritical and stable inlet operation at subsonic and supersonic
flight speeds 1s shown schematically in figure 7. This mode of operation

is designated the Subcritical Phase.

Hammershock Phase:

When duct outflow is abruptly reduced, say by an engine stall, the
large excess of inflow over outflow causes a sharp rise in pressure at the
engine face., The pressure propagates upstream at a speed, relative to the
local flow, somewhat greater than sound. The interface between the
undisturbed upstream flow and the high-pressure, low-velocity downstream
flow is termed a hammershock. Pressure behind the hammershock can
appreclably exceed free-stream total pressure.

Figure 8a shows a typical pressure trace during a hammershock transient.

The pressure is that which would be seen just behind the hammershock front.
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« Points on the trace correspond to the hammershock wave positions shown in

figure 8b.

Phase changes:

Both the physical and the simulation processes of changing from one

Phase to another are continuous and smooth. Logic is contained in each

Phase to initiate the change to the next Phase, Special "Initial Conditions”

loglic computes those properties required to accomplish a smooth transition.

In the subject inlet simulation, logic is provided to autcmatically

accomplish the following Phase changes.

Started
Started
Unstarting
Empty-Fill
Empty-Fill
Empty-Fill
Subcritical

Subcritical

Unstarting

Hamme rshock

Empty-Fill

Hammershock

Suberitical

Started

Fmpty-Fill (supercritical, stable)

Hammershock



STARTED PHASE

Inlets having internal shock compression are characterized by low
external drag, clean internal lines, and high pressure recovery. These
advantages are realized, however, only when the inlet is controlled to
near peak performance where small trensients in airflow supply or demand
can result in the rather violent transient, inlet unstart. Consequently,
simulation accuracy is particularly important for the Started Fhase of

inlet operation.

Started Inlet Geametry

Figure 9 is a schematic diagram of a typical air induction system
with a mixed (part external, paft internal) shock compression inlet. Princi-
pal components are the shock compression surfaces, the subsonic diffuser, a
boundary layer bleed system, and a bypess system.

The simulation model configuration for the physical system of figure 9
is shown in figure 10. Also shown are the flow stations with the symbols

used in the simulation logic.

Simulation Concept

The simulation model can be considered as either 1) a system of two
somewhat arbitrarily defined volumes to which are applied the continuity
relationships of mass, energy, and momentum, or 2) a modified Helmholtz

resonator superimposed on the internal flow. A mechanlical analogy to the

Helmholtz resonator concept is & spring-mass system wherein the low

1



, Velocity air in the aft-duot-volume (Duct Volume) serves as the spring
as it ie compressed or expanded, and, the high velocity air in the
throat section (Helmholtz Volume) acts as a mass whose kinetlc energy
is changing. Figure 10 illustrates the division between the Duct
Volume and the Helmholtz Volume. Note that the upstream face of the
Helmholtz Volume is the terminal shocke.

In essence, the simulation logic computes the acceleration of the
"Helmholtz Volume" resulting from the instantaneous flow conditions at the
upstream and downstream faces of this volume., The Helmholtz Voiume
acceleration is integrated to obtain velocity; then, velocity is integrated
to obtain position. Inasmuch as the terminal shock is the upstream face of
the Helmholtz Volume, the acceleration, velocity, and position of the
terminal shock are alsoc determined.

Two different basic concepts have been used in computing the
acceleration, velocity and position of the Helmholtz Volume. The concept
designated "Frozen Plug" is presented in the text. This concept 1s simpler
and less sensitive to the arbitrary input of Helmholtz Volume length.
Because it is more sensitive to the assumed Helmholtz Volume length, the
alternate concept (Appendix A) is sometimes preferable when test data are
avallable to help in the length selection.

Flow properties at the upstream face of the Helmholtz Volume are
determined entirely by conditions upstream of the terminal shock. Specific-
ally, these conditions are aircraft Mach number, angle of attack, angle of
yaw (- sideslip) and inlet geometry. The simplifying assumption ls made
that the flow is essentially one-dimensional at the terminal shock,

although empirical factors can be used to account for non-uniformity. It



is further assumed that aircraft attitude and inlet geometry rates of
change are such that the compression surfaces are seen as quasi-stationary
by the supersonic flow.

Flow conditions at any station in the Helmholtz Volume (figure 10)
are camputed from one-dimensional flow relationships proceeding aft from
the upstream face. Mass and energy enter through the upstream face
(terminal normal shock), and leave through the boundary layer bleed exits
in the Helmholtz Volume and through the interface with the Duct Volume.

The Duct Voluwe is considered to be a lumped volume in that changes
in density and total temperature are assumed to occur simultaneously
throughout the volume. However, flow properties are assumed to vary from
station to station in the Duet Volume in accordance with quasi-steady
state, one-dimensional flow relationships. Mass and energy enter the Duct
Volume through the interface with the Helmholtz Volume, and leave through
the boundary layer bleed openings in the Duct Volume, through the bypass
openings, and through the engine(s).

Details of the Started Phase are given in the several "logic block"
subdivisions which together form the simulation program. These arbitrary
subdivisions, corresponding in general to the logic block diagrams and
card decks of Reference 1, are as follows: Upstream Properties, Properties
a8t the Terminal Shock, Properties Behind the Terminal Shock, Boundary Layer
Bleed Flows, Subsonic Flow Total Pressure Losses, Duct Volume Masa, Duct
Volume Total Temperature, Duct Volume Pressures, Bypass and Engine System
Airflows, Helmholtz Volume Properties, Helmholtz Volume Acceleration, Phase

Switches and Outputs to the Air Induction Control Systems.

. 10



’ Upstream Properties

The outputs computed in the Upstream Properties logic block are Ty, ,
Pyy , and Wyp ; and local Mach number, My . Figure 11 is a flow diagrem
showing the equations used in calculating these outputs.

It will be noticed that ¥ has been assumed to be a constant, 1.k,
in these and subsequent calculations. The error introduced by this assump-
tion is far outweighed by the greater simplicity and time saved in the
numerous calculations involving ¥ . It might be noted that while the
specific values selected for such frequently used perameters as ¥, g, and R
are not critical, it is important that the exact value selected for a term
be uged in all equations using that term. In particular, the motion of the
Helmholtz Volume (and therefore the terminal shock) is a function of the
small difference between large numbers, one computed for the flow conditions
proceeding from the freestream aft to the Helmholtz Volume-Duct Volume
interface, the other computed fram the engine face forward to the interface.
A small difference in the value of a constant as used in the upstreanm
calculations from that used in the downstream calculations results in a
residual error.

The flight conditions, Py , To , My , 0o and ¥, are usually input
as independent functions of time as shown in figure 11, They can, however,
be expressed as functions of other parameters or computed in further simu-
lation logie blocks.

ﬁ:ﬁ , total pressure recovery Jjust upstream of the terminal shock, is
expresigg as a function of flight conditions and inlet geometry. This
permits the use of elther test data or data computed from theoretical

shock equations for steady state flow. Note that test data must not include

11



losses across the terminal normal shock or in the subsonic diffuser. Total
pressure recovery upstream of the terminal normal shock is surprisingly
insensitive to small changes in geametry for high-performance mixed-compression
inlets. Consequently, it is frequently possible to express Ptl/Pto as a
function of Mg , dy , and ¥, only.

The mass flovw ratio, % s 1s also expressed as a function of flight

conditions and inlet geometry. Either test data, calculated values, or a

cambination of both can be used. Note that:

Wip o Wpo 3 M
W T T\ %

where ‘%‘3 is the boundary layer bleed mass flow ratio for a bleed zone
o

entirely in a supersonic flow field. Because the mass flow ratios :FI and
o

W_bg can be uniquely defined by the same parameters, it 1s convenient to
W
o
combine them into the single term, Wyp/W, .
Inssmuch as there is no work or heat addition to the flow between the

freestream and the terminal shock, Tyx 18 equal to Tto -

Propertlies at the Upstream Face of the Terminal Shock

Those properties uniquely determined by the upstream flow conditions
and the area at the terminal shock station are Ay , Wx , My , Px , Tx , Py
and E + Equations used in computing these properties are shown in figure 12,
In brief, supersonic Mach number at the shock is computed by iteration from
the known quantities of weight flow, total pressure, total temperature, and
area. The iteration routine used in the digital camputer simulation program

is given in Reference 1,

12



5 Total flow at the shock station, Wy , is the total captured flow less
the boundary layer bleed flow up to the shock. Details of how bleed flow

in the throat region is computed are given in the section, Inlet Boundary

Layer Bleed Flow.

Fry and Fy are calculated on the assumption that the terminal shock
is stationary. These paramsters are used in secondary calculations where
it is convenient to make the calculations before determining the shock

velocity and then apply corrections to account for the shock velocity.

Properties Behind the Terminal Shock
Properties behind the terminal shock are & function of shock velocity

as well as upstream flow conditions and area. Calculations to obtain these
parameters, ( Uy'/U, , My, Ty » Tey 5 Py s Pry s and Wy ) are shown in
figure 13.

The calculations are based on the fact that the yatios of static pres-
sure and temperature across a normal shock depend only on the Mach number
of the supersonic flow relative to the shock wave. The procedure consists
of: 1) calculating My' , the Mach number of the upstream flow relative
to the shock from the supersonic flow Mach nmumber relative to the duct;

2) calculating downstream static pressure, static temperature, and Mach
number relative to the shock using conventional normal shock equations;
3) calculating downstream Mach number relative to the flow; and L) calcu-
lating airflow, total pressure, and total temperature downstream of the
terminal shock and relative to the duct using the Mach number relative to

the duct, static preasure and static temperature.

13



Inlet Bo r Bleed Flow

Boundary layer bleed flow is considered in three parts. First, there
is boundary layer bleed from zones that are alwvays and completely upstream
of the termimal shock during started operation. This bleed flow has been
subtracted fram the total captured airflow to give the mass flov ratio,

W11/Wo , as described in the section, Upstremm Properties. Second, there

is the bleed flov upstream of the terminal shock from a zone (or zones)
vherein the bleed flow is affected by the terminal shock positiom. This
bleed flow is designated Wypx . Third, there is the bleed flow downstream
of the termipal shock. This flow, w‘b‘by » varies both with terminal shock
postion and, to a lesser degree, with terminal shock velocity.

Local conditions in the supersonic flow upstream of the terminal shock
are dependent only on the flight conditions and inlet geametry. Consequently
Wobx is identical to that under steady state comlitions with the same termimal
shock position.

Local conditions in the subsonic flow downstream of the terminal shock
vary vith terminal shock velocity as well as position. This factor is
accounted for in the boundary layer bleed flow calculations as follows:

1) % is camputed for steady state conditions, assuming the steady

state terminal shock to be at the instantaneous shock position.

2) The ratio of instantaneocus to steady state bleed flow is assumed

to be equal to the ratio of instantaneous to steady state static
pressure Bhind theﬁtemiml shock. That is,
by ® Wby Py
Fy

b1

o



; Wobx &nd W, can be determined for a given flight condition, inlet
geometry, boundary layer bleed configuration and terminal shock position
from either or both analytical considerations and molel test data. The
best procedure will vary depending on the details of the specific boundary
layer bleed configuration and the test data available, The simulation
format used for the XB-70 1s described for illustrative purposes.

In the XB-70, inlet boundary layer air bled from a "throat bleed zone"
extending from slightly forward of the geometric throat aft to the end of
the porous material varies with terminal shock position. Bleed flow through
from this zone is collected in a single compartment as shown in figure 1k,
Also shown is typical 0.25 scale model test data showing boundary layer
bleed mass flow ratio in this zone as a function of terminal shock position.

Inspection of the data shows total bleed flow to vary approximately
linearly with terminal shock position. Bleed flow from forward of the
terminal shock, Whpx , 18 zero with the shock at XIr and equal to the total
measured bleed flow with the terminal shock at or aft of X331 . Conversely,
the steady state bleed flow from aft of the terminal shock, Wypy , is equal
to the total measured bleed flow with the terminal shock at Xy7; , and zero
with the terminal shock at or aft of Xyyy . Further, the throat area
variation and bleed ares distribution for the XB-T70O inlet make it reasonably
accurate to assume that Wppy and Wppy also vary linearly with terminal shock
position between Xyr and X177 -

Based on these observations, the following equations were used to

campute the bleed flow upstream of the terminal shock positionm.

Wobx . gy AX
11

15



where

Pe=| 4 [V = (M, An)
= -VI—I- test

data

When the terminal shock is upstream of Xyyr , 4X 1s set to zero inasmuch
as Wypx will then be zero. Similarly, when the terminal shock is between
XII and X711T

AX = X - Xg1 .
When the terminal shock 1s downstream of station xIII y

AX = X171 - X11
inasmuch as there 1s no further increase in Wypx 88 the shock moves aft of
the bleed zone.

Equations for computing bleed flows downstream of the terminal shock
are based on similar reasoning. Detailed equations for bleed flows both
upstream and downstream of the terminal shock are presented in figure 15.
Note that the bleed flow slope, ¢y , 18 negative as illustrated in figure 1k,

In the XB-70 simulation program, ¢x and ¢y are expressed as table
look-up functions of local Mach number My , and throat area, factors
indirectly defining local flow Mach mumber realtive to each exposed bleed

outlet.

Subsonic Flow Total Pressure Losses

Air induction system total pressure losses can be categorized as those
occurring across the shock waves, and those resulting from friction and
vorticity. The latter, of course, can be strongly influenced by shock-
boundary layer interactions.

Assumptions made in simulating total pressure losses other than shock
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- losses are as follows:

1) There are no expansion losses in the supersonic flow in the inlet.

2) There are negligible friction losses in the supersonic flow in

the inlet.

3) The magnitude and distribution of total pressure losses through

the subsonic diffuser are those for quasi-steady state flow.

The assumption of negligible friction losses in the supersonic inlet
flow is Justified by the fact that air in the boundary layer where such
losses occur is usually bled-off to prevent boundary layer-shock inter-
actions.

Losses in the subsonic flow downstream of the terminal shock are
functions of the subsonic diffuser geametry, duct Mach number, Reynolds
number, and the location and strength of the terminal shock. The latter
become significant particularly during highly supercritical operation
when the terminal shock tends to be both strong and downstream of the region
having boundary layer bleed,

The format for simuwlating the subsonic flow total pressure losses
permits use of various representations without affecting other portions of
the simulation progrem. Losses can be calculated from test-derived factors
or theoretical considerations. The basic requirement for the simulation
program is that subsonic diffuser total pressure losses be computed for
three sections, y - z, z - d, and & - 2 as shown in figure 16. Total
pressure losses in each section are assumed to vary linearly from zero at
the upstream face to the full loss at the downstream face.

Most of the representations that have been used have the form

APy = G(Pt - P)

17



€ is an empirically or theoretically-derived loss coefficient, usually a
function of one or more variables defining the inlet geometry and/or the
terminal shock location. The compressible dynamic pressure, .= | - P,
may, depending on the logic selected, be that at 1) station X, immed! ately
upstream of the terminal shock, 2) station Y, immediately downstream of
the terminal shock, or 3) stations Y, Z, and d, the upstream stations for
each of the three sections.

The representation selected usually depends on the form, quantity and
quality of test data available. The following observations may be of help
in selecting the representation for a specific simulation.

1) The representation must give a continuous variation in total

pressure losses with changes in terminal shock position and
inlet geometry. For example, one of the most accurate represen-
tations for small shock excursions is that which bases losses on
Q. at the station where the porous bleed material ended. Losses
upstream of this station are eliminated by boundary layer bleed.
Duct flow aft of this station is constant. However, a large and
troublesome step change in q, occurs when the terminal shock
crosses this station,

2) Basing losses on the subsonic qc Just downstream of the terminal
Bhock 1s both logical and probably the most conventional method of
computing subsonic diffuser total pressure losses. A subtle dis-
advantage, whose importance depends on the detaills of the
simulation program, is a feedback between subsonic total pressure
losses and q. through the terminal shock velocity.

3) Basing losses on the supersonic q, just upstream of the terminal

18
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shook 1s particularly appropriate wvhen the terminal shock moves
appreciably dowvnstream of the throat. The shock-boundary layer
intersction then becomes a dominant factor in determining subsonic
diffuser losses. The supersonic q, is related to the strength of
the terminal shock, and is therefore more nearly proportioned to
the shock-boundary layer interaction losses than is q, downstream
of the terminal shock. A further advantage is that the supersonic
qc is independent of the terminal shock velocity.

4) In most tests, only the overall total pressure losses are measured;
and, engineering judgement must be used to determine what pro-
portion of the overall loss occurs in each section. Basing losses
for each section on q, at the upstream face of that section would,
therefore, seem to be questionable refinement, except under special
circumstances.,

Two of the representations which have been used in the XB-TO program

are shown in figures 17 and 18. The equations of figure 17 illustrate the

useé of the quasi-steady state static and total pressures downstream of the
terminal shock to eliminate the redundancy loop between the dynamic total
pressure and total pressure losses in the Duct Volume. The representation
of figure 18, whereln losses are based on the dynamic head upstream of the
terminal shock, was found convenient for simulation runs investigating the
effects of abnormal bypass door settings. The terminal shock was then far
downstream, and losses were strongly affected by the strength of the terminal

shock.

19



Duct Volume Mass

Alr in the Duct Volume at any instant is
t

Ma= Haypieien * J' - -
tinitial
where % is the difference between flow into and out of the Duct Volume.

Flow out of the Duct Volume, depending on the configuration, may
include the engine primary airflow, engine secondary airflow, bypass air-
flow, and auxiliary airflow for cooling or other purposes. If the auxili-

ary airflow is negligible as for the XB-70,

We ™ Wo + Wg + Wop
During steady state operation, inflow is W; where

Wy = WII - Woox - Woby = 89, A, U,
During non-steady state operation, the inflow differs from W, because the
upstream face of the Duct Volume is moving. Inflow under such comditiocas
can be envisioned to consist of two parts - the flow relative to the duct
at station z, and the flow swept by the area A, moving at a velocity %
relative to the duct through air of density p, -

W,' = gp, AU, - gp; A, %gx' wz g_:v
where

U,' = U, - dx/at

The calculation of Wq is shown in detail in figure 19.

Duct Volume Temperature

Total temperature is computed from the instantaneous total enthalpy

and air quantity in the Duct Volume assuming that the air within this

20
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7 volume is at a uniform total tempsrature. Airflow out of the Duct Volume
1s assumed to be at this wuniform total tempersture. Airflow into the Duct
Volume is assumed to be at the total temperature Just downstream of the

terminal shock, Tt.y . Therefore:

- - P, A; &X
%(gdcpm'm) W' Cp Tyy - We Cp Teg * 272

Dividing by Cp and differentiating:

afy Tea + Ha 4Tt o Wz' Tyg - Welta ¢ PA, X

at at Jc p" it
Substituting (W' - W) for gi% ’
dTea _ 1 Wz' (Tyy - Tea) + Pz Az X
dt E‘T’ ' JCp It
Further,
a /dt Ug'
W,' =W, (1- ) =W, %
z z T L 1
and,
P, A, &X W, (¥-1) &X/at T,
— -
Y U
JC, dt 2
therefore,
d Tea W, Uz' (Tty - Ttd)+ (7 - l) & Tz]
dt Wy U, Y at

The final equations for computing T, 4 are presented in flgure 20.

Duct Volume Pressures

At any instant, the average density in the Duct Volume is



Therefore

Pog = By (1 +.204°)37

wvhere My is the Mach number at the station d where the density is equal
to the average density in the Duct Volume. Severel methods of verying
degrees of accuracy and complexity have been developed for computing Mach
number at the average density station. The simplest approximation, reason-
ably accurate for all but extremely large terminal shock excursions s 18
defined by the equations of figure 21.

The first step in this approximeate method consists of determining
the ratio of the area at the average density station to the geometric
average area in the Duct Volume during the initial steady state conditions.
This ratio is then assumed to remain constant during the transient conditions.

During the initial steady state conditions,

gR = Wa
V4

and
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Therefore

b a [0+ 2"
Pd RTed | Va

—\2/5 ¥
Ma={5)f Fea/ % -1
(/)

Further, flow at the average density station will be equal to W, , the flow

or

at the end of the boundary layer bleed system. Inasmuch as
w. = wd. - MJ.E __3—2-—3- Ad
vVTa VR (1 +,24°)
the flow area at the average density station is

2
pa =WV [T (1+ .2w7)
Prg V78 Ma
The geometric average area is computed as

Ay = S
geo  Xe - Xz

Consequently, the ratio of area at the average density station to the geo-

metric average area 1s

Kp ol . 04
Xe.- Xz

During subsequent transient condition’a' , Mg 1is determined by iterative

solution of the equation:

Ma WaoH \/T’cd R

(1 +.24%)3  Prag Kehgg, V7€
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vhere

Peag = Ppy - APtyz - 4Py
and W,p 1is the flow at station z computed on the assumption that the flow
is in equilibrium with the instantaneous value of terminal shock velocity.
A more correct assumption would be that the flow at the average density
station was the average of the instantaneous flows at the upstream and the
downstream faces of the Duct Volume. This however, introduces a redundancy
loop (Pyg is & function of Wy which is & function of Pyy) which introduces
more problems than the change in accuracy usually merits.

To repeat,

Pog = Pa(l+ 24,5037 T3 Ry (1 42,935
Va

Total pressures at the upstream and downstream faces of the Duct Volume are,
respectively,

Pyap = Pyg+ 4Pg,4

and
Pre = Pyo = Pg - APrde
Static pressure at the upstream face of the Duct Volume is
2,3,
P,p = P,p/(1 + .2M,p )3+2

where M;p 1s obtained by iterative solution of the equation

M:p - W, thd ‘/T

(1 + .2M5p%)3 Pe,p A; Y%

Note that P,p is static pressure at station 2z computed from properties in
the Duct Volume. Later, pressure at station z is computed from properties

in the Helmholtz Volume. It is the difference between these two pressures
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that acts to accelerate the Helmholtz Volume.

Bypsass and Engine System Airflows

The optimum format for computing bypsss and engine system airflows will
vary with details of the specific configuration to be simulated. In the
XB-T0 configuration, duct air enters a plenum chamber immediately forwvard
of the engines from where it is exhausted either or both through the bypass
doors and the engine secondary flow system. The system is shown schematic-
ally in figure 22.

Esach inlet has two sets of bypass doors, Trim and Main. Both the Trim
and Main bypass doors form convergent-divergent nozzles at low bypass exit
area and convergent nozzles at high bypass exit areas. The Trim bypass
doors have high movement rate capabllities but low flow capacity; conversely,
the Main doors have low rate capabllities but high flow capacity. Total
bypass flow 1s the summation of the flow through the two sets of bypass

doors. Bypass flow 1s computed as

Wop = Kop Pra (78 ( "op_ . )beAbp
NET R O\(L + .24,5)3

where

Kbp- Pth
Py
Mpp= bypass throat Mach number.

C‘prbp" bypass effective throat area.

During most flight conditions, Mbp is sonic or near sonic, and

Wpp = KppPio A cpr,bp
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Further, the pressure ratio, Kyp = ;;3 , usually varies with bypass flow
quantity which in turn varies with Cbpﬁbp «» It is often convenient, there-
fore, to include the Kpyp term in the Cop term.

XB~70 engine secondary airflow is, depending on flight conditionms,
supplied by either the boundary layer bleed system or the bypass compart-
ment., In the latter situation, secondary airflow is scheduled as a
function of primary engine flow. The engine system airflow can then be

express as
W

Wo ¢ Weg = Woll+|8
2 ° (%>scheduled

Equations for computing bypass and engine system airflows are pre-

sented in figure 23,

Helmholtz Volume Properties

In the "frozen plug" simulation concept, properties throughout the
Helmholtz Volume at any instant are assumed to be dependent on, and in
equilibrium with conditions Just downstream of the terminal shock (station
y of figure 10). For example, at station z of the Helmholtz Volume, the
instantaneous total temperature is Tty ; the instantaneous total pressure
is Pty less the subsonic diffuser losses between stations y and z; and,
the instantaneous flow is Wy less any flow removed from the duct between
stations y and z.

Total air quantity in the Helmholtz Volume is the initial quantity

plus the difference between flow into and out of the volume. That is ’
t
= ‘lﬂi + d& dt
dt

g:l

i



vhere,

d—
-% -wx' - "Z' - Wb-by

In an analogous concept to that described in the section, Duct Volume Mass,

flov into the Helmholtz Volume can be expressed as

W' = gR AJx - B8R Ay g = Vx t‘?‘;

wvhere
U, '® U, - &K/at
Similarly, outflow through the downstream face of the Plug Volume 1s

ug! Ug'
Wy'm W, ﬁih- (Wy = Woby) U.:_

Total outflow is

W'+ Wppy
Should there be & bypass in the throat region, the total outflow would

become
U,
W2 2% Weby + Yopmmoar
4

Equations for camputing Helmholtz Volume properties are summrized in

figure 2k,

Helmholtz Volume Acceleration

The approximation is made in the "frozen plug" concept that instan-
taneous properties throughout the Helmholtz Volume are related to those at
station y by steady state flovw relationships. For the instantaneous termiml
shock position, X , and velocity, dX/dt, the equilibrium pressure at the

dowvnstream face of the "frozen" Helmholtz Volume is P,y .



The instantaneous pressure at the upstream face of the Duct Volume, .
computed fram Dust Volume properties, is Pyp . During steedy state
operation, Pzg equals P, ; and, there is no inbalance of forces at the
interface. During non-equilibrium conditions, Pyg vill not equal Pyp ; and,
there vill be an unbalanced force of (Pzg - Pzp)A; . The unbalanced force
is assumed to act on the Helmholtz Volume as follows:

(2 E ) - roin,
or
d(igfs) ax
ds dat

Figure 25 is a diagram of the equations used to determine Helmholtz
Volume terminal shock acceleration, velocity, and position. z

It might be noted that there is no "dead time" factor introduced into
the equations of motions (dead time being that time required for a dis-
turbance traveling through the airflow at local sonic velocities to go
from, say, the engine face to the terminal shock). While dead time may
logically be considered a limiting minimm time for a disturbance to be
sensed at another station, it is hypothesized that any disturbance propa-
gated through the Duct Volume will be attenuated to insignificance until
there has been a significant rise in Duct Volume pressure. Further, the
mass accumilation causing Duct Volume pressure change and the disturbance
"wave" propagation take place coincidentally rather than sequentially.

Consequently, the addition of a "dead time" would not be logical.
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Phase Svitches

-

The phase svitch logic continually monitors various inlet parameters
to determine whether and when a switch should be made:

1) to the Unstarting Phase because the terminal normal shock has
passed forward of the aerodynamic throat,

2) to the Unstarting Phase because the throat area is too small to
pass the captured flow,

3) to the Hammershock Phase because of an abrupt decrease in outflow
from the duct.

Logic for each of these checks is outlined in figure 26 and described below.

Unstart Inititated by the Terminal Shock Moving Upstream of the Throat:

In discussing the initiation of unstart due to the terminal normal
shock moving forward of the inlet aerodynamic throat, it should be noted
that the aerodynamic throat can be appreciably forward of the geometric
throat. This 1s i1llustrated in figure 27.

Three checks are made to determine when this type of unstart has been
initiated. First, the terminal shock must be moving upstream. Second, the
supersonic Mach number upstream of the terminal shock must be increasing.
These checks indicate that the terminal shock is moving upstream of an
aerodynamic throat. Finally, the terminal shock must be forward of the
geametric throat. This check has been found necessary because there may be
one or more secondary throats (area contraction) downstream of the primary
inlet throat. Even small area discontinuities associated with the area

, ealculation procedure can result in a false unstart without this check.
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Unstart Initiated by Insufficient Throat Area:

Inlet unstart is also initiated when the throat area becomes insuffi-
cient to pass the captured airflow. This condition may result from a
variety of causes including attitude changes, Mach number changes, and
throat area changes. Whatever the cause, the phase switching logic compares
the captured airflow (less the boundary layer bleed upstream of the throat)
to the flow that can pass through the throat at the instantaneous total
pressure and temperature. An empirical constant, Ky » 1s used to reduce
the flow that could theoretically pass through the throat at Mach 1.0. This
factor accounts for such items as non-uniform Mach number in the throat, and

differences between effective flow area and geometric area.

Hammershock:

The large and abrupt decrease in duct outflow associated with engine
stall results in the formation of a hammershock wave at the engine face and
subsequent forward motion of this wave. Inasmuch as an airflow decrease of
any magnitude will cause a hammershock disturbance of some magnitude, the
decision as to how large the airflow decrease must be before the Hammershock
Phase is applicable is necessarily arbitrary. Consequently, the phase
switching logic computes proportional rate of change of duct outflow,
gg—%/dt » and compares this with an arbitray critical rate of change, Kyg ,
above which the Hammershock Phase is considered more appropriate. Selection
of Kyg 1s made by comparing both Hammershock Phase and Started Phase simu-
lation data for a series of duct outflow reduction rates. Kgs 1s that value
giving an appreciably higher duct pressure with the Hammershock Phase than

with the Started Phase.
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. Outputs to the Air Induction Control System

One of the most difficult problems in the design and development of
an air induction system is finding signals suitable for control of the
system. Differences in inlet gecmetry, performance requirements, maneu-
vering rates, and similar factors will undoubtedly make the control system
and signals used unique for each aircraft. Hovever, several procedures
used in computing control signals for the XB-70 demonstrate some of the
methods vhich can be used in simulating control signals. Locations of the

various air induction control system signal pick-ups are shown in figure 28.

Local Mach Number:

Mach number on the first remp of the inlet, My , is used to arm the
Restart Control and to schedule throat area. Local Mach number is used as
a control system input in preference to freestream Mach number because,
ideally, it eliminates the need to know angle of attack and angle of yaw.
My is computed by interpolation of tables of My versus M, , o , and ¥, .

Such tables can be generated either from test data or analytical data.

Local Static Pressure Ratio:

The ratio of local static pressure to the static or total pressure at
another duct station is a widely used control signal. During the "Low
Performance"” mode of inlet operation of the XB-T0 for example, the bypass
doors are opened to pull the terminal shock aft to the "Downstream Shock
Position Signal" station, thereby providing tolerance to larger airflow
transients.

Figure 29 shows theoretical and test observed varistion in the DSES

static pressure, Ppsg , with terminal shock position. Also shown is a



reference static pressure, PpgRr , at & station close to the engine face
vhere flow is always subsonic. The static pressure ratio curve, %% ’
indicates terminal shock position in units independsent of absolute total
pressure. When "Low Performance" is called for, the bypass doors open until
the ratio Pbss reaches a scheduled value,

Ppsr
Several procedures can be used to simulate the air induction systom

signals of figure 29, The most appropiiate method depends om the control-
system design and the empirical data available.

Where the control system reacts only to the information that the
pressure ratio is above or below the scheduled value, it is sufficient to

use the shock position as a signal. That 1s:

if X > Xpsg

% < scheduled value
PFpsr

bypass doors move in closing direction;

ir X < Xpss

6S | gcheduled value
Ppsg
bypass doors move in opening direction.

Where the bypass rate depends on the difference between the observed
and scheduled values of 1:06;5‘1 » it becomes appropriate to use empirical
data tables of IDSS as apgsmf:ction of terminal shock position am inlet
throat area. ThisRintroduces the slopes shown in the test data of figure
29, assoclated with pressure feed back through the boundary layer and finite
width of both the pressure sensor and the terminal shock.

When pressure sensor lines are relatively long and perhaps of dissimilar
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_lengths, simulation of the line phese and amplitude response characteristics
may require that the absolute static pressure at the sensor pressure taps be
computed. This can be done as follows. If X > Xppg , Mpsg 1s obtained by

iterative supersonic solution of the equation

Mpss - ¥pes
(1 + .2pge?)3 Pix [Y8  ppgg
\tho R
Then
Pyx

) (1 + .%332)3'5

If X< Xpgps , Mpgsps 1s obtained by iterative subsonic solution of the

equation
Mpsps . Wpsps
(1 +-2'4DSP32)3'5 Pinses, [Y&  Apsps
m i
Then
P
(1 + . 2Mpgps®)”

Assuming total pressurs losses in the subsonic flow to be proportional to
duct length,

Pty - Peoses _ Xpses - X
Pyy - Py X - X

or

Pipses = Pry - (Pyy - Pyo) (Xpsps - X\ .
X - X
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The valus of Wpgpg can best be determined by consideration of the specific
geometry. For the XB-70 configuration, Xpgps 1s slightly downstream of the

porous bleed section, and, ignoring secondary dynamics effects, Wpsps * Wy -

Duct Overpressure:

To minimize air induction system weight, it may be desirable to have
a control function which opens the bypass doors when necessary to limit
differential pressure across the duct wall to a scheduled maximm. The
signal pressures required are Pop and Py where the control meintains
Pop - B < AP scheduled. F is obtained from flight conditions. Fop 1s

obtained in & manner similar to that described above for computing Ppgg -

Shock Position Pressure Ratio:

The terminal shock positioning paremeter, SPP, for the B-70 inlet is
the ratio of the shock position manifold pressure Pgpy, to a throat total-
pressure-probe pressure, Pgpp . The shock position manifold and the throat-
total-pressure probe are shown schematically in figure 28.

As the terminal shock moves forward, the number of manifold static
pressure taps exposed to the high static pressure downstream of the terminal
shock increases, and therefore the manifold pressure increases. The total
probe pressure, which does not change with terminal shock position, serves
to eliminate the effect of absolute pressure level. By properly spacing
the holes in the manifold, the ratio of manifold to total probe pressure,
SPP, can be shaped to give a near linear variation with, say, corrected
veight flow, We/(Pyo/P, ).

In the B-70 inlet simulation, SPP is obtained by interpolation of

model test values of SFP tabulated as a function of terminal shock positionm,
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throat area, and !ﬁ@ . These factors define the terminal shock
position, inlet pc-:’:rytxl.nd inlet throat Mach number.

Examples of the equations used to obtain inlet signals to the control
system are presented in figure 30. The representation for determining the
Dowvnstream Shock Parameter, DSP, is a compromise between the several methods
discussed previously. Ppgg 1is set equal to Py when the terminal shock is
forvard of the sensing station, and equal to Py when the shock is aft of the
sensing station. Ppgp is set equal to Py . While not precise, these values
glve reasomable approximations of the signal pressures with a minimm of

calculations. A similar simplification is used for the Overpressure signal.
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UNSTARTING PHASE

The mode of inlet operation wherein a normal shock travels upstrean
from the aerodynamic throat to the cowl 1ip, figures 3 and k&, is termed
the Unstarting FPhase. Figure 2 shows the typical pressure drop during this
phase and its relationship to the remminder of the unstart transient.
Unstarting can be initiated by either of two conditions. In onse,
later referred to as Insufficient Demand Unstarting, the airflov demand
downstream of the inlet throat becomes less than the airflow through the
throat section. In the other, called Choked Throat Unstarting, the captured
airflow exceeds the airflow that can pass through the throat at the existing
total pressure and temperature. The separate sets of logic for simulating
Insufficient Demand Unstarting and Choked Throat Unstarting have been

combined in the mutually-inclusive Unstarting Phase.

Insufficient Demand Unstarting Simulation Concept

Figure 31 1s a schematic representation of the Insufficient Demand
Unstarting simulation model. The model differs from that for the Started
Phase in that it has one rather than two "lumped volumes" with distributed
properties. This simplification is justified both by the lesser accuracy
requirements for this phase and by the agreement between the simulation and
model test data.

In brief, properties downstream of the terminal shock are determined
from the instantaneous total mass and total temperature in the Duct Volume;
and, the properties upstream of the terminal shock are determined from the

instantaneous flight conditions and inlet geometry. The terminal shock



velooity is that value required to satisfy the upstream and downstream
conditions at any instant. Shock position is obtained by integration of

the shock velocity.

Choked Throat Unstarting Simulation Concept

Inlet unstart because of insufficient throat area to pass the captured
airflow can result 1) from attitude changes increasing the captured airflow,
2) from decreases in throat area, and 3) from flight Mach mmber reductions.
Whatever the cause, the excess of inflow over that which can pass through the
throat results in the formation of & normal shock in the throat.

In the simulation program, this mode of operation is initiated by
arbitrarily locating a normal shock a small but finite distance forward of
the throat. The volume between this normal shock and the throat then
beccmes the control volume for the Choked Throat Unstarting Phase as 1llus-
trated in figure 32. Inflow to the "Throat Volume" is a function of the
supersonic flov conditions just upstream of the normal shock and the normal
shock velocity. Flow leaves the comtrol volume through the choked throat and
through any boundary layer bleed exits in the control volume. Outflow 1s &
function of the total pressure and temperature in the control volume and
the effective throat and bleed areas. Total pressure and temperature are
computed from the instantanecus values of volume, mass, enthalpy and average
velocity in the control volume. Shock velocity is determined by iteration
to obtain that value necessary to satisfy the instantaneous flow conditions
usptream and downstream of the normal shock.

It is emphasized that the normal shock described above is in addition
to the originally existing terminal shock. That is, there are two simul-

taneous normal shocks in the inlet. During the unstarting transient, the
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upstream normal shock motion 1s independent of conditions dcvmsteam of the .
inlet throat ( unless the terminal shock moves forward of the throat). The
terminal normal shock motion is, however, very much a function of the
upstream conditions and therefore of the upstream normal shock.

Figure 33 illustrates the dependency of the terminal normal shock
motion on the choked-throat-induced transient. As the upstream normal shock
forms at the throat and moves out of the supersonic diffuser portion of
the inlet, the ratio of total temperature across the shock rises and the
ratio of total pressure drops rapidly. The assoclated change in pressure,
temperature, and flow just upstream of the terminal normal shock then cause
it to move upstream. Depending on such factors as the position of the
terminal normal at the time of throat choking, the terminal normal shock
may overtake and coalesce with the upstream normal shock before it reached
the cowl lip.

Because of thelr interdependency, the Insufficient demand and the
Choked Throat Unstarting Phases have been combined in the single Unstarting
Phase. In those cases where an unstart is induced by throat choking, the
throat total pressure, temperature and flow computed by that Phase logic
become the upstream conditions for the terminal shock. Switching to the
Empty-Fill Phase occurs when either the upstream normal shock, the terminal
normal shock, or the coalesced shock pass the cowl 1lip. This procedure
assumes that the Unstarting Upstream transient is independent of the terminal
normal shock, or to be more specific, that there 1s sonic flow through the
effective throat area. If and when the terminal shock passes forward of
the throat, flow in the throat will in actuality be subsonic. The error

in computed outflow does not, however, appreciably affect the overall transient.
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More details of the simulation logic are presented in the discussions

of the variows portioms of the Unstarting FPhase.

Upstream Properties
The simmlation model for the Unstarting Fhase 1s presented in figure

34. During the Unstarting Downstream transient, the Upstream Volume becomes
vanishingly small and does not affect the upstream properties relative to
the Duet Volums.

Upstream properties for the Upstream Volume are computed as shown in
figure 35. The equations used to compute P, , Tyy , Wy , and M, ar
identical to those used in the Started Phase, figure 1l1l. The data tables
used in calculating these properties are also identical and interchangeable
with the Started Phase Tables.

Pyy 1s, by definition, the total pressure just downstream of the
oblique compression shock waves in the supersonic diffuser but upstream of
any normal shock within the inlet. Py increases, therefore, as the normal
shock moves forward and eliminates part of the oblique shock system total
pressure loss. (enerally speaking, the oblique shock losses from the cowl
to the throat are small, and the assumption that the oblique shock losses
(and therefore Ppy) do not vary with normal shock position is considered

adequate for the Unstarting Phase of inlet simulation.

Properties Upstream of the Upstream Normal Shocl;

Equations for computing properties just forward of the upstream normal
shock are presented in figure 36. Note that Wy, exceeds Wiy immsmuch as
WiI is defined as the total captured airflow less the bleed flow up to

station Xyy during started operation as illustrated in figure 37. Duct
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airflow and cumulative bleed flow are plotted as a function of inlet statiom
for four terminal shock positions. At a given normal shock positiom, X, ,
flow Just upstream of the shock will be Wir + &Wppx o8 expressed graphic-
ally in figure 37. Note that while there is less bleed flow forwvard of the
normal shock as it moves upstream in the supersonic diffuser, the total
bleed flov increases as more of the bleed area is exposed to higher-static-

pressure subsonic flow.

Properties Behind the Upstream Normal Shock

Properties just downstream of the normal shock are determined by
1) computing the Mach number of the upstresm flow relative to the moving
normal shock, 2) camputing static pressure and tempevature from the upstrean
static pressure and temperature and the upstream Mach number relative to
the shock, 3) calculating the downstream Mach number relative to the moving
shock, 4) calculating the downstream Mach mmber relative to the duct, and
5) computing total temperature relative to the duct from the downstream
static temperature and the Mach number relative to the duct. Figure 38 1s

a diagram of the equations used for these calculations.

Boundary Layer Bleed Forward of the Throat

Illustrative curves of total boundary layer bleed flow, bleed flow
upstream of the normal shock, and bleed flow downstream of the normal shock
as p function of shock position are presented in figure 39. These charac-
teristic curves may be determined from analytical considerations or by inter-
polation of test data. The curves shown were obtained by straight-line
interpolation of data such as shown in figure 37. Each particular inlet

and bleed configuration will have its own characteristics. Those of the
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XB-T0 configuration are essentially linear as showa.
Supsrsonic flov at a station upstream of normal shock between statiomns
Xyy and X3 , figure 37, is equal to Wyy plus and increment, 4&Wp,, . For

the bleed charscteristics shown in figure 39,
S = (20222 - x,)
In a non-dimensional form
AWppx = MI. (xII - xu)(wn)
dx

= Guu(Xrr - Xu) Wir

vhere ($y 1is the slope M between stations X and Xy .
ax
Bleed flow, “bbyu in the subsonic flow region between the normal shock
station, X, , and the throat is camputed in a similar method as that des-
cribed for computing AWppx - Equations for computing wbbyu and AWy &re
listed in figure 40. As in the Started Phase, quasi-steady state bleed flow,
Wpbyu » 18 corrected to the dynamic conditions by the ratio of instantaneous
to quasi-steady state static pressures aft of the normal shock. That 1is
Wobyy ™ P
boyu™ Wobyu U
Pyu
The equation for camputing Wppyy used in figure Lo,

Wobyu ® Byu(Xu - Xpl¥yg
wvould more properly be

Fobyu = [¢yu(xu - Xg7) *@y(Xqy - xr)]“n

because the aerodynamic throat station and the bleed zons boumdary statiom,
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X11 » vill usually differ slightly. The error introduced is trivial for

most configuretions.

Upstream Volume Mags and Total Temperature

Inflow to the Upstream Volume can be envisioned to consist of two
parts, flow relative to the duct at station Xy, and the quantity of air
swept by the shock face moving through air at a density Py, with a

velocity ‘%‘e relative to the duct. That is

Wxu™ 8P Ay, Uy, - 8R, Ay % Wy XU

where

Uiu'uxu'd—;%

Outflow is the summation of flow out of the boundary layer bleed exits

in the Upstream Volume and flow through the choked throat. The latter is

Wp = KyPy, Ap A
[Toa
where the throat Mach number is assumed to be unity and Ky is an empirical
flow coefficient which accounts for non-unﬂ'omity in Mach number at the
throat.

The quantity of air in the Upstream Volume at any time, t, is

t
Wy Wyg+ | Wu a¢
u Xui [ =
i
where 1 denotes the initial value and ™Y ig the difference between inflow,

dt
Wxu , and outflow, Woby, ¥ Wy . Detailed equations are presented in figure

41.

Total temperature in the Upstream Volume is computed on the aumpfion
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, that total temperature is uniform throughout the volume at any instant.
Flov crossing the shock face enters the volume at the total tempersture,
Ttyu + Flow leaving the volume is at the uniform total temperature, Ty .
Therefore,

Wiy Cp Teyu = (Mot Wobyy) Cpley = 4(4u Op Tou)
at

Replacing :l;! by Wi, - (Wp ¢ wbby“) and dividing by Cp ,
at

dT
Wia Teyu = (Wp * Wobyy)Tea = Wy Tey = (Wp + Wopyu)Ty, + T T?-’-
or
aTeu _Whu (p
— - T .
at = -E; ( tyu tu)

These equations are summarized in figure Ll.

Upstream Volume Total Pressure

Calculation of total pressure in the Upstream Volume is based on the
simplifying assumption that the average density is the same as that at a
flow area vhich is the average of -the upstream and downstream faces of the
Upstream Volume. Mach number M, is computed at this station where
Ay = HAxy + AT) assuming that the flow quantity, total presswe, and total
tempersture are equal to those at the throat. (The error introduced by
these assumptions is small when the shock is near the throat. The effect

of any error on the overall transient is small as the shock approsches the

cowl 1lip).
Total pressure, Py, , iz then computed from the relationships
8V Pi_- !_u_
Ry Vy
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Pru fTew _ (1, .20 220

u

Figure 42 1s a flow diagrem showing all the equations required to compute
Pyy,- Inasmuch as subsonic total pressure losses in the Upstream Volume are
extremely small, total pressure is assumed to be uniform throughout the

volime,

Upstresm Normal Shock Position

The upstream normal shock position is obtained by integration of the
shock velocity. Shock velocity is determined by iteration as that value
necessary to satisfy the instantaneous pressure ratio across the shock,
Ptu/Piyy » vhere Py is obtained from continuity in the Upstream Volume and
Pyx 1s computed from upstream properties.

Various camputer approaches may be used to determine the shock velocity
necessary to satisfy the instantaneous pressure ratio across the shock. All
are variations of the following general procedure.

1) Static pressure, Py, , and static temperature, T,, are computed
from Myxy , Ptyy , and Tixy which are supersonic flow properties
relative to the duct at the instantaneous shock position.

2) A shock velocity relative to the duct, dXu/dt , is assumed and the
corresponding Mach number of the flow relative to the shock is

computed as

qu - qu - d)(:xuzd t

3) Subsonic flow static pressure, Pyu » static temperature Tyu and Mach

number relative to the shock, “}"u » are camputed from conventional



normal shock equations and the quantities M}, , Py , and Ty,
Note that the static properties are not dependent on whether the
duct or the shock is used as the reference. That 1s, Pyy™ Ry ,
Txu™ Thu » Pyu™ Pju » and Tyy = Ty -

4) Downstream Mach number relative to the duct is computed as

- Ml d.)(u[dt
My = My + yu

5) Downstream total pressure relative to the duct, Ppyy , is computed

Pryy = Ppy(1 ¢ .2.1@_‘)3"5 .

6) Pgyy is then camposed to Py (or Pt".m is compared with Py, )
Ptxu Ptxu

Ir Ptyu equals Py, , the total pressure ratio across the normal
shock is satisfied, and the assumed shock velocity, dXu/dt , is
correct. If Pyyy does not equal Py ’ the procedure is repeated
with a different assumed shock velocity.
A graphical solution of the foregoing equations is presented in figure
3. For example, if —t% « PYYW . 0.95 , and M, 1s 1.5, the normal shock
Pgxu Ptxu
Mach number relative to the duet is -0.135. It can be seen that for many
conditions there are two shock Mach numbers which can satisfy the total
pressure ratio across the shock. The simulation program is arbitrarily
restricted to the solid line portions of the curves to the left of the
minimuns of Pyy/Pyx -
The equation used for iterative shock velocity solution in the digital

computer simulation program of Reference 1 1s
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+
T(My - dxdt) -1 [(& - d‘xlx@t)2+ 5] [7("! - g‘det)2 . 1]
et
6 (1 +,2;4x2)3-5

Inaccuracies during the initial portion of the transient occassionally

result in Pyy/Pyyx values belov the minimum for the associated Mach number,
My . While this condition exists, the shock Mach number, (x/at)/ay is set
equal to the "Lover Limit" valus, that is, the value vhere the slope of
Pyy/Pex versus (&/at)/a, 1s zerc as showva in figure 43. Initial inaccurs-
cies can also result in a momentary downstream excursion of the shock.
Because the upstream normal shock is initially located Just upstream of the
throat station, a small downstream excursion could eliminate the Upstream
Volume, and therewith, the simulation logic. Consequently, the iteratively
computed shock Mach number is checked; and, if 1t is positive, its value is
set to zero.

The equations for camputing upstream normal shock position are listed

in figure U4h,

Upstream Properties for the Duct Volume

It will be recalled that the Started Phase contains logic to determine
when a switch should be made to either the Choked Throat Unstarting Phase
or the Insufficient Demand Unstarting Phase. To reviev, if the captured
airflov (less bleed to the throat) exceeds the airflow that can yass through
the throat at sonic conditions, the Choked Throat Unstarting Phase is

initiated. If the total airflov demand is less than the captured airflow



and the terminal normal shock moves forward of the aerodynamlc throat,

Insufficient Demand Unstarting is initiated.

Choked Throat Unstarting:

Knovledge as to vhich phase is applicable is carried over to the
Unstarting Phase vhich imcorporates both phases of umstarting logic in a
single phase. If the Choked Throst Unstarting Phase is applicable, the
total temperature and total pressure in the Upstiream Volume become the
total temparature and pressure upstream of the terminal shock. That is,

Tex ® Teu

Pex = Peu
If the terminal shock is aft of the throat, the flow just upstream of the
terminal shock 1s

Wy = Wp - Wpbx
If the terminal shock is forward of the throat, the flow just upstream of
the terminal shock is

Wy = Wp + AWy
The above flov relationships are shown schematically in figure 45. Once the
terminal shock moves forward of the throat, the assumption of sonic velocity
in the throat used in computing Wp is no longer valid. However, the error

i{s considered acceptable for this transient.

Insufficient Demand Unstarting:

If the Insufficient Demand Unstarting Phase is applicable, the
Upstream Volume vanishes and the properties upstream of the terminal shock
are identical to those forward of the now non-existent upstream normel

shock. That 1s,
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Tex ™ Texu™ Teo
Prx = Pyxu
Flow upstream of the shock is
Wy = WrT + AWppx
as 1llustrated in figure 37. The equations used in computing properties

upstream of the terminal shock are presented in figure 46.

Properties Behind the Terminal Shock

Equations for computing properties just aft of the terminal normal
shock are preseated in figure 47. The equations and logic are identical

to those for the upstream normal shock, figure 38.

Boundary Layer Bleed for the Duct Volume

When the terminal shock is aft of the throat during the Choked Throat
Unstarting transient, flow between the throat and the terminal shock 1s
supersonic. Consequently, the slope of bleed flow ratio per unit length
of duct, d(Wobx/Wyp)/dx = @y , derived from started inlet data can be used
10 compute bleed flow between the throat and the terminal shock with
sufficient accuracy for the Unstarting transient.

That 1is,
Wobx * @x(X - Xpp){Wrp)

Similarly, bleed flow from the Duct Volume is

Wony = (fy) (X - Xprplvwrp %

When the terminal shock is forward of statiom X117 , bleed flow forvard
of the terminal shock will be less by an amount AWy, than it would be witlk

the terminal shock at Xyy . Using the logic discussed previously for the



*

Upstream Volume and shown graphically in figures 37 amd 39,

Avgpx = (Pgu) (X1 - X)Wpp -
Similarly, bleed flow out of the Duct Volume is

Wby [(ﬁy) (Xrz - Xrrm) + (Byu)(X - xn)] Lbes

<k

Ir ¢yu is approximately equal to ¢y , the latter equation can be reduced

to

Woby = (By) (X - Xrrp)(Wrp) 2y
P
Yy
When the terminal shock is forwvard of the inlet throat, flow just

upstream of the terminal shock will exceed the flow at the throat station
by the bleed flov, AW,y between the terminal shock and the throat (see
f'igure A5) where
Ay = (Byu) (X - Xp)(Wr1)
The equations and logic used to campute bleed flows relevant to the

Duct Volums are swmmarized in figure 48,

Duct Losses

Both simulation accurecy requirements and the effect of small inaccur-
acies on the overall transient are less for the Unstarting Fhase than for
the Started Phase. The logic for determining total pressure losses other
than shock losses is, therefore, less critical than for the Started Phase.
Assumptions made in the total pressure loss calculations presented in
figure 49 are as follows:

1) Total pressure losses from the cowl lip to the terminal shock

are negligible.



2) Losses aft of the terminal shoock are proportiomal to the quasi-
steady state dynamic head, Fyy - Py , just dovmstresm of the
terminal shock. Use of Fyy - Fy rather than the actual dynamie
heed, Pyy - Py , eliminates & redundancy in the shock motion
equations with little loss in accuracy. The empirical loss factor
can be expressed as the function of any appropriate parameters,
for example M), as used in the equations of figure u49.

3) Losses from the terminal shock to the average density station, 4,
and the losses from station 4 to the engine face are assumed to be
equal.

Bypess and Engine System Airflovs

The duct airflow demand, W, , is the summation of the bypass airflow
and the engine system primary and secondary airflows. Figure 50 shows
typical equations used in computing Wy for the XB-70 configuration wherein
the bypass total pressure is sufficient during the Unstarting Phase to
ensure sonic flov in the minimum ares section of the "Main" and "Trim"

bypess doors.

Duct Volums Mass and Total Temperature

Air quantity in the Duct Volume at any instant is the initial quantity
of air in the volume plus the difference between inflow and outflow from
the volume over the given time interval. As described in the Started Phase
section, inflow is the flow crossing the moving terminal shock face of the

Duct Volume,

Ux! '
W.'s W ..L-w Mx
Ty T X RC



wvhere Uy 1is the velocity of the flow relative to the shock,
Ut = Uy - dx/dt
Flow out of the duct is the summation of the exit flow, We and the flow out

of the boundary layer bleed exits, Wppy As in the Started Phase,
We = Wo & Wy + Wpp + Wayux

Total temperature in the Duct Volume is computed in a procedure identi-
cal to that used for the Upstream Volume except that the total temperature
of the flow crossing the terminal shock face is Tty and the temperature of
the outflov is Tyq , the instantaneous total temperature throughout the

Duct Volume. Equations are summarized in figure 51.

Duct Yolume Total Pressure

Total pressure in the Duct Volume at any instant can he expressed as

Pg = Py(l +.2Md2)3'5 = %‘l RTa(1 + .2Md_2)3'5
a
where all the necessary quantities except My heve been computed previously.
For the Unstarting Phase, the simplifying assumptlion that My remains constant
at the value existing at initiation of the phase has been found adequate.
Equations used to determine the initial My are presented in the Initial
Conditions description. In essence, Mg is computed from the relationship,

1+ a7, (Pm) (ad

RTeq Vd)
- initial
Figure 52 shows the sequence of equations used in calculating instantaneous

Ptd’PtQ'myty'
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Terminal Shock Position

The terminal shock velocity and position are computed in procedures

identical to those described in the section, Upstream Normal Shock position

These procedures are indicated by the equations of figure 53.

Phase Switches

The Unstarting Phase almost invariably terminates by switching to the
Empty-Fill FPhase when either the terminal shock or the "upstream normal
shock” move forward of the cowl lip. However, conditions can be such that
the transient will reverse and operation revert to the Started Phase. This
occurrence is recognized by the switching logic when the following conditions
are satisfied:

1) the transient was initiated by insufficient demand

2) the terminal shock moves aft of the geometric throat.
The fact that the inlet geometric throat is usually downstream of the effec-
tive throat provides hysteresis, so as to speak, to prevent small initial
errors from causing repeated switching between the Started Phase and the
Unstarting Phase.

The Phase Switching logic equations are presented in figure 5k,

Outputs to the Air Induction Control System

Logic possibilities for simulating control system signals are basic-
ally identical to those described for the Started Phase. 1In fact, tbe
control system simulation usually requires that the same logic be used in
all phases of inlet operation to provide & consistent and continuous signal.

Inasmuch as the inlet signal logic to be selected will vary widely with

the simulation objectives, only the unstart signal parameters used on the
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.XB-TO are discussed for the Unstarting FPhase.

Figure 55 shows the locatiom of the two pressure taps used to senss
unstart, and hov the pressures vary during am unstart. The ratio of the
signal to reference pressure, Njg/Fyg , is also shown. As the terminal
normal shock moves forward of the tap, Fyg » there is an abrupt increase
in local static pressure and in the non-dimensional pressure retio, Ryg/RyR -
As far as the controller is concerned, unstart occurs wvhun the pressure
ratio increases to a pre-selected value as illustrated in figure 55. Note
that it is the first normal shock to cross the static pressure tap, Ry ,
that signals an unstart. This may be either the terminal shock or, in
event the unstart was initiated by throeat choking, by the upstream normal
shock.

Depending on the degree of simulation refinement desired, either 1)
the unstart pressure ratio can be simply represented as a value above or
below the controller scheduled value indicating unstart depending on whether
the normal shock is forward or aft of the PUS tap; or 2) the individual static
pressures at Fyg and Fyg can be computed by the methods similar to those

described in the Started Phase Section.
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EMPTY-FILL PHASE

Simulation Concept

The Empty-Fill Phase, as suggested by the title, consists of two
distinct modes of inlet operation. Inspection of a typical buzz pressure
trace, figure 56 reveals the similarity of the characteristic pressure drop
to that of a container having negligible inflow, and outflow proportional
to the pressure (or mass) in the container. The "f1lling" portion of the :
trace shows a corresponding similarity to the filling process of a container
baving constant inflow, and outflow proportional to the pressure (or mass)
in the container.

Schlieren photographs and static pressure data obtained during buzz
show extreme separation during the emptying mode of operation, but reattach-
ment of the flow during the filling process. Further, pressure taps in
several inlet models have shown static pressures during the emptying process
to be quite close to values computed assuming sonic velocity in the flow
downstream of an external normal shock. This region of near sonic pressure

is in the vicinity of but 1s more extensive than the geametric throat region.

A simulation model for the Empty-Fill Phase which 1s compatible with the
foregoing observations is i1llustrated by figure 57.

The governing mechanism during the Empty-Fill mode of operation is flow
separation, both in actuality and in the simulation model. Because the
separation process is not readily amenable to theoretical treatment (nor
is the process overly consistent in Nature), verious arbitrary assumptions

as to separation characteristics are required inputs to the simulation



. progrem. These assumptions imcluds the rate asd pattera of the separatiosm,
the duct pressure at vhich reattachment is initiated, and the rate and
pattern of reattachment. Trial and errer variation of these charmcteristies
have showm 1) the simulation results are not overly sensitive to the separ-
ation characteristics assumed, and 2) non-dimensionalized separstion charec-
teristics based on test data give simulation results im good agreemsnt with
test data for inlets of quite varied scale and configuwration, Reference 3.
(Agreement 1s corsidered good if the differences between a simulated and a
test transient are of the same magnitude as the differences between several
test transisnts.)

The single control volume and the associated flow statiens and termi-
nology used in the Empty-Fill Fhase simulation are defined in figure 57.
Properties in the Duct Volume are "lumped” in that changes are assumed to
occur simultaneously throughout the Duct Volume; however, properties differ
from station to station in the volume. Terminal shock motion is determined
by iterative solution of the motion required to satisfy the independently
computed properties upstream and downstream of the shock. Further details
of the equations and logic are discussed in accordance with the several

functional blocks which make up the simulation prograa.

Upstream Properties
The calculations for determining properties upstream of the terminal

shock, figure 58, are nearly identical to those for the Started Phase. The
one difference is that (P,/P, )g 1s the total pressure recovery downstream
of the external oblique shocks and the external normal shock. Total pres-

sure recovery for the Started Phase, P,,/P., , was the total pressure in
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the inlet downstream of the oblique compression waves but upstream of any
normal shock. (Ptl/Pto)E is determined with the extermal normal shock
close to the cowl where it will be during the "Fi1l" phase. Duriag the
Empty Phase (where forward motion of the externmal normal shock will elimi-
nate portions of the geometry-created oblique shock waves and flow separation
will create nev oblique waves) accuracy of the total pressure calculations is
not critical. Consequently, the total pressure recovery, (Pu,/Pio)g
camputed for the Fill mode is satisfactory.

The started inlet flow, Wiy , is a fictitious flow during unstarted
operation, but is used in the simulation phase switching logic to determine

when an inlet restart occurs.

Properties at the Terminal Shock Station

Properties at the terminal shock station are computed from one-dimen-
sional flow relationshipe using airflow, area, total pressure, and total
temperature at the terminal shock station. In addition, intelligence is
required as to whether flow Jjust upstream of the terminal shock is subsonic
or supersonic. Flow conditions are illustrated in figure 59 for the three
possible conditions during the Empty-Fill Phase: 1) terminal normal shock
aft of the throat during the Fill mode of operation, 2) terminal shock
forward of the throat during the Fill mode of operation (similar in many
respects to the Unstarting Phase), and 3) terminal shock aft of the throat
during the Empty mode.

The Empty-Fill Phase differs from the previous Phases in that Wy is
no longer a unique function of inlet geometry, flight conditions, and
terminal shock position. Rather, the known factor during the Empty-Fiil

Phase is that the flow 18 sonic in the effective throat for conditions 1



» and 3 above, and near sonic for the short-duration comdition 2. Therefore,

Wp = PoT Arer (2B T
Som R (14 .240)

Pix Aper A

-
v Tto

By inspection of figure 59, it can be seen that if:

X>Xp 1 Wy = Wp - Wppy
X<Xp : Wy = Wp + AWy
The equations of figure 60 show the logic used in determining the
applicable condition and how the required properties are computed. KNote
that the equation for Wy in figure 60,
Wy = Wp + 8Wppyu - Wobx
degenerates to the forms shown in figure 59 inasmuch as Awbbyu vanishes with
the terminal shock aft of the throat and Wy, vanishes with the terminal

shock forward of the throat.

Properties Behind the Terminal Shock

Calculations shown in figure 61 to compute properties Just downstreanm
of the terminal shock are identical to those previously discussed for the

Unstarting Phase.

Effective Throat Area

The general concept of flow separation and reattachment which results
in a time-varying effective flow area at a given geometric station has been
indicated in figure 57. 1In absence of detailed information, a flow separ-

ation pattern is arbitrarily selected to give simple equations for effective



flow area at a given station as a function of time.

Figure 62 depicts the assumptions made in derivimg the equations of
figure 63. The assumptions are made that 1) the effective throat area is
at the geometric throat station, and 2) the effective flow area varies
linearly with station in the detached flow region. It can be seen that,
from purely geametric considerations, effective flow area at any station

X between X7 and X is

Axer ™ ATep+ (X - Xp) (Axma - A'Ter)
(Xga - Xp)
Effective flow area aft of Xp, is identical to the geametric area.
Note that the only parameter that must be expressed as a function of
time during the period of separation is effective throat area, ATef .
Specifically, ATQf during the separation process is expressed as a function
of time from the initiation of the separation; and, ATef during the reattach-
ment process 1s expressed as a function of time from the initiation of the
reattachment. Separation is initiated if:
1) Operation switches from the Unstarting Phase to the Empty-Fill Phase
2) The terminal normal shock moves upstream past the cowl 1lip in the
Fmpty-Fill Phase
3) Operation switches from the Subcritical Phase to the Empty-Fill
Phase because the mass flow ratio becomes less than the buzz-limit
mass flow ratio.
The simulation input curves of A’Tefrective/ATgeanetric versus time
after the initiation of separation were initially determined by trial and
error. Various curves were assumed, and the curve giving best agreement

between simulation and test data was selected. This curve was then converted



to a non-dimsnsional form by assuming that the rate of separation is pro-
portiomal to the square root of the throat total tempersture (veloeity),
and inversely proportional to the square root of the throat area (lemgth).
This non-dimensionsl curve has been used with good results for quite varied
inlet sizes and configurations; however, better valuss for a specific con-
figuretion oan be determined by trial and error if sufficient test data are
available.

As pressure in the duct drops during the emptying mode of operation,
a value is reached where the flowv reattaches. XB-TO model test data shovw
that the reattachment usually occurs when the duct total to ambient static
pressure ratio, Pya/P, , reaches a critical value, Kgp . XB-TO test data
indicate that Kgp was essentially independent of Mach number and that a
Kgp value of 6.4 is appropriate for "average severity" unstart and buzz.
A Kgp value of 4 was found appropriate for severe unstarts and buzz.

A procedure similar to that described above for separation was used
to obtain a curve of Ap

erfective/ ATgecmetric
During this reattacihment, however, ATef/A’l‘geo increases with increasing

versus time after Ptq/P, < Kgp.

time.

Although not essential, it has been found convenient, and in keeping
with the actual flow phenomena, to assume a constant area throat section
extending from the geometric throat station to the cowl 1lip.

The logic used in determining effective throat area is summarized in
the flow diagram of figure 63. Equations for computing effective flow area
at any station are presented in figure 6L,

Effective volume is camputed in a procedure similar to that used in

obtaining effective flow area. Equations are shown in figure 65.
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Boundary layer Bleed Flow
Logic for camputing boundary layer bleed flows is similar in general

format to that used in the Started Phase. It differs primarily in that
bleed flov has been made nom-dimensional by using the parameter Wob/Wp
rather than Wyp/Wiz . (WIT is not a measurable parameter during tests
with unstarted supercritical operation.)

The validity and importance of the bleed flow calculation during
separated flow conditions might well be questioned inasmuch as the bleed
effects can be readily absorbed in the gross asuumption of effective throat
area. However, it is convenient, if not necessary, that a continuous and
consistent calculation be made during all of the Enpty-Fill Phase so that
the bleed flow will be known when the flow reattaches. Because the accuracy
of the bleed flow calculation is of little concern during cperation with
separated flow (emptying mode), the parameters Wpp/Wp are determined by
test or calculations for unstarted, supercritical inlet conditions.

Assuming linear variation in bleed with shock position as illustrated
in figure 1k, and referring to the sketches of figure 59, it can be seen

that bleed flows can be calculated as follows:

X > X7 ¢ Wopx/Mp = Bx(Xg1r - Xp)
Woby/Wp =0

dwbby/w'r =0

Xp< X< Xppp @ Wobx/Mp= ge(X - Xp)
Woby/Wr = @y(X - Xyr7)
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X< Xp: Wypy/Wp= 0 (no supersonic flov upstream of shock)
Wopy/Wp = g (X - Xr77)
B¥ypoy/ip = By(X - Xp)
Note that the reference flow is Wp , while the reference flow in the
Started and Unstarting Phases is Wiy .

Detailed equations are shown in figure 66.

Duct Volume Total Pressure Losses

Figure 67 presents the equations for computing Duct Volume total

pressure losses. They are identical to those used in the Unstarting Phase.

Bypass and Engine System Airflows

The equations and logic for computing bypass and engine system air-
flows, figure 68, are identical to those for the Started and Unstarting

Phases.

Duct Volume Mass and Total Temperature

The quantity of air in the Duct Volume at any instant is the initial
quantity plus the difference between inflow and outflow. Inflow is the

flow relative to the shock face of the Duct Volume, Wy , where

wiew, Ux, wx(U.z_'._‘u/dt)
Ux Ux
Outflow from the duct volume, as in the Started and Unstarting Phase,
is the summation of Wy, and W, .
The logic for computing Duct Volume total temperature is identical to

that used in the Unstarting Phase. Note that total temperature behind the

external normal shock (and therefore upstream of the terminal shock) is
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assumed to be equal to freestream total temperature. This assumption in
effect says that the velocity of the external normal shock relative to the
inlet is trivial. Model test data confirm that, although the external
normal shock does move during the Empty-Fill transient, the total excursion
of the external normal shock is small (most of the motion in the external
shock field during buzz 18 in the oblique shock portion of separated-flow
lambda shock).

Figure 69 is an equation flow diagram for computing Duct Volume mass

and total temperature.

Duct Volume Total Pressure

The logic and equations for camputing Duct Volume total pressure are
identical to those used for the Unstarting Phase. The simplifying assump-
tion is agaln made that the Mach number at the average density station,

Mg , remains constant at its initial value. Fortunately, this assumption
is most nearly correct when greatest accuracy is desired during super-
critical, attached-flow operation with the terminal shock near the throat.

Equations are listed in figure 70.

Terminal Shock Position

The terminal shock position and velocity are calculated in a procedure
identical but for two exceptions to that described in the Unstarting Phage

section, Upstream Normal Shock Position.

The first exception is assoclated with the teminal shock which 1)
forms at the throat upon initiation of the Phase, and 2) moves aft as a
consequence of subsequent events. The simulation logic assumes this termi-

nal shock forms initially at a station slightly downstream of the throat.
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> Velocity of this terminal shock 1s then determined from the instantaneous

total pressures upstream and downstream of the terminal shock. To eliminate
the possibility of the terminal shock being driven forward of the throat
because of small errors in the initial conditions, the program logic sets
the shock velocity to zero until the total pressure ratio across the shock
results in a positive (downstream) velocity.

The second exception recognizes the fact that when the terminal shock
moves aft, the increasing shock strength and appreciable boundary layer
result in shock-boundary layer interactions. These are evidenced by a
series of oblique shocks rather than a single, clean terminal shock. This
effect is approximated in the simulation program by introducing an effective
Mach number, My. = KyxMy , where KmMx is an empirical function of X.
Physically, M,, can be envisioned as the component M, normal to a pseudo-
oblique shock having total pressure losses equal to the oblique shock
train. When test data to evaluate Kyx are not available, its value is
assumed to be unity.

Figure 71 gives the equations for camputing terminal shock velocity
and position.

Phase Switches

The phase switching logic in the Empty-Fill Phase continually checks
as to when a switch should be made to the Started Phase, the Hammershock
FPhase, or the Subcritical Phase. A further check is made as to when a
new BEmpty-Fill Phase should be initiated.

Inlet operation switches to the Started Phase, (a restart is made )
when flow through the throat becames equal to the captured flow. An

empirical constant is used to account for differences between actual and
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theoretical restart conditions.

A switch is made to the Hammershock Phase when the rate of change of
the duct outflow exceeds a specified rate. The method of selecting the
specified rate is discussed in the description of the Started Phase switch
logic.

A switch 1s made to the Subcritical Phase when the conditions are
satisfied concurrently that 1) the terminal shock moves forward of the
cowl 1ip, and 2) the duct mass flow ratio exceeds the empirical minimum
value for buzz-free inlet operation.,

A nev Empty-Fill Phase is initiated (flow separation is triggered)
vhen, concurrently, 1) the terminal shock moves forward of the cowl 1lip,
and 2) the duct mass flow ratic is less than the empirical minimum value
for buzz-free inlet operation.

The phase switching equations are presented in figure 72.

Outputs to the Alr Induction Control System

The logic used to determine local pressure signals to the AICS for
the Started and the Unstarting Phases are equally applicable to the Empty-
Fill Phase. It is to be remembered, however,-that flow is subsonic from
the cowl lip to the throat, and that effective rather than geometric areas

must be used during separated flow conditions.
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SUBCRITICAL FPHASE

An inlet operates in the Subcritical Phase when flow from the cowl 1lip
to the engine face is subsonic and stable. The Subcritical Phase encom-
passes flight with stable, unstarted (all external shock compression) inlet

operation.

Subcritical Phase Concept

The Subcritical Phase simulation model is based on the reasoning pre-
sented in reference 4 for determining the approximate position of an
external normal shock, The top portion of figure 73 illustrates the general
procedure. Known quantities are Mach number upstream of the normal shock,
and the captured flow. The airflow spilled by the inlet is assumed to be
diverted around the cowl lip by a pseudo-surface originating at the cowl
1ip and having the maximum angle possible without flow detachment. The
normal shock stands at the intersection of the pseudo-surface and the
stream tube just entering the inlet. The bottom portion of figure 73 shows
the change in shock position, AX , when the captured stream-tube is reduced
from hy to by .

The simulation model is shown in figure 74. The lumped volume concept
described for the Unstarting and Empty-Fill Phases 1ls again used but with
the external normal shock and the pseudo-surface now serving, respectively,
as the upstream face and part of the bounding surface of the Duct Volume.
Again, iteration is used to determine the shock velocity required to satisfy
the instantaneous values of total pressure upstream and downstream of the

shock. Shock velocity 1s integrated to determine instantaneous shock
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position. If the shock moves forward, the pseudo-remp surface spills more
flow and less flow enters the inlet. If the shock moves aft, more flow
enters the inlet.

During subsonic and low supersonic speeds, the simulation concept
has no physical significance. However, the simulation procedure can be
extended to such conditions by the assumption of a pseudo-Mach number,
Myp , and its assoclated pseudo-shock. Use of the pseudo-Mach number pro-
vides a mechanism for closing the loop between airflow supply and demand
at subsonic flight conditions. The validity of this procedure has not

been checked against test data. However, a high degree of simulation

accuracy 1s generally not required at subsonic flight speeds.

Upstream Properties

Equations for computing properties upstream of the terminal shock
(external normal shock) are presented in figure 75. The equations are
similar to those for the other Phases except that M, , previously camputed
fram one-dimensional flow continuity relationships, 1s now a function of
flight conditions and inlet geometry. Further, when M, is less than 1.1,
a pseudo-Mach number of l.l 15 assumed to permit use of the simulation

logic at subsonic Mach numbers.

Inflow
By hypothesis, the angle between the flow Jjust upstream of the terminal
shock arnd the pseudo-surface which deflects the spillage air is the maximum
angle not causing flow detachment. Variation of this angle, dpgayx , with
upstream Mach number is shown in figure 76 for both two-dimensional and

conical flow. Generally, two-dimensional values are used because flow at
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the cowl lip approaches two-dimensional flow even for axi-symmetric inlets.

3 max Can be obtained fram tables, as in figure 76 or by the following

equations.
1
2 Y-ly?2, 1 NE
Sin2 - .6Mx -1+ [2.’4»(14‘ - Mx + SMy )]
1.LhM,
2
s1n"8mx

tandy,y = 2 cot Omx(ansin Omax - 1)

2+ Miy+1 -2 sinzemx)

From the geometry of figure 73 it can be seen that

Ay ah \/W\/1\ VWx ah
- ——— —— . —— —
at h at] n a4

and
aAh AXtandmax - AX axtanémx
27 = 4atanmax a
at At Z{;'/ X
Further,
h h /Ix R (l + '%2)3-5
and

ay= vV gRTy

Combining terms and converting to a derivative format,

dwx 73(1\){) Pex Mx ta'n‘max ((l'x_./ )
at B (Tem?)3s at/®x
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Finally, inflow to the Duct Volume is
t
wx-wx+jd dt
1ty R
The foregoing equations are summarized in figure 77.

Boundary Layer Bleed Flows

Inasmuch as the terminal shock is always forward of the cowl lip in
the Subcritical Phase, the only bleed flow to be calculated is Wpby » To
maintain similarity with the calculations in the other Phases, bleed flow

is

Where ¢y is EEBEI/dx s the non-dimensionalized bleed flow per unit
length of bleed surface exposed to subsonlc flow. The procedure for non-
dimensionalizing the bleed flow slope 1s not particularly appropriate for
the Subcritical Phase (in actuality, Wpby tends to increase with decreas-
ing W, at a given flight condition). However, both the bleed flow quan-
tity and its effect on inlet dynamics are small in this flight regime. The

bleed flow equations are listed in figure 78.

Duct Volume Total Pressure Loss

Total pressure loss in the Duct Volume is assumed to be proportional
to the dynamic head at the end of the bleed section. Half of the total
pressure loss 1s assumed to occur between the end of the bleed section and
the average density station, and half between the average density station
and the engine face. The required equations are shown in figure 79. Note
that these calculations assume a quasi-stationary terminal shock, making

T¢III ™ Ty, and P1rT ™ Piy. This assumption having negligible effect
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on the simulation accuracy, eliminates a redundancy loop.

Bypass and Engine System Airflows

The bypass and engine system airflow calculations, flgure 80, are

identical to those for the other phases.

Duct Volume Mass and Total Temperature

The logic and equations for computing the instantaneous quantity of
air and the total temperature in the Duct Volume are similar to those
discussed in the Unstarting and Empty-Fill Phases. The equations are pre-

sented in figure 81.

Duct Volume Total Pressure

The equations for computing total pressure in the Duct Volume, figure
82, are identical to those described for the Unstarting Phase except for
the additional equations required to determine the portion of the Duct
Volume forward of the cowl lip. From consideration of the two-dimensional

geometry of figure 73, area at station X is

A1,

hy,

Ay = hy

where A; and hy are the flow area and height respectively at the cowl 1lip
station. Further,

hy = hy, - (X, - X)tend

L =X
Ay = Ap |1 -é hL) tanimx

The increment of Duct Volume between the terminal shock and the cowl 1ip

80 that
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is, therefore,

av = (ﬂ%AL)(XL - x)- af1 -()%.f?x) tand, | (Xg - X)

Mach number at the average density station is assumed to remain

constant at the value existing at the beginning of the Phase.

Terminal Shock Veloeity and Position

The iteration for the terminal shock velocity required to satisfy
the instantaneous total pressures upstream and downstream of the shock is
shown in figure 83. As in the other Phases, shock velocity is integrated
to obtain shock position. A further portion of the logic prevents any
appreciable travel of the terminal shock aft of the cowl lip.

During subsonic conditions, there will, of course, be no actual
terminal shock, and the pseudo-shock 1is nothing more than a convenient

fiction.

Phase Switches

Three conditions can cause & switch from the Suberitical Phase to
another mode of inlet operation. First, an abrupt decrease in duct out-
flow can result in hammershock. Second, reduction of the inlet mass flow
ratlo to the value where buzz occurs causes a switch to the Empty-Fil1l ’
Fhase. Third, an increase in airflow demand to the point where inlet
operation becomes supercritical causes a switch to the Empty-Fill Phase.
The loglc for determining when a switch to another Phase should be made

and what the new Phase should be is presented in figure 84,

Air Induction System Signals to the Control System

The same simulation techniques used to generate inlet signals to the
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, e8htrol system in other Phases can be used in the Subcritical Phase.
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HAMMERSHOCK PHASE

A typical hammershock pressure transient induced by engine stall is
shown in figure 85. Hammershock can occur during any of the various modes
of inlet operation, and at any flight speed. In fact, the hammershock

pressure trace of figure 85 was recorded during ground operation of XB-T0
Ship 1.

Hammershock Phase Concept

A schematic representation of the simulation model for the Hammershock
Phase is presented in figure 86. While the model shown is for hammershock
initiated in the Started Phase » the simdation logic is also capable of
simulating hammershocks initiated in the Empty-Fi1ll and the Suberitical
Phases,

The Hammershock Phase logic is based on the fact that the pressure
disturbance is propoagated at a velocity in the airflow some what higher
than the local speed of sound. Consequently, flow upstream of the distur-
bance front is unaffected by the disturbance. That-1s, upstream flow
relative to the disturbance front is supersoniq, and the disturbance front
becomes a normal shock wave.

The same concept of a control volume used in the Unstarting and Empty-
Fill Phases is used in the hammershock loglic. Now, the upstream face of
the control volume is the terminal shock; and, the downstream face is the
engine face. Upon initiation of the Hammershock Phase, a hammershock wave

front is arbitrarily located slightly forward of the engine face. With

outflow drastically reduced, inflow to the control volume ( Hamme rshock Volume )
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greatly exceeds outflow; pressure in the volume rises; and, the hammer-
shock wave front moves upstream at the velocity required to satisfy the
instantaneous total pressures upstream and downstream of the shock. If
pressure in the duct is sufficiently high upon expulsion of the hammershock
wvave, there will be flow out of the duct into the external flow fleld until
the static pressure at the cowl lip drops to the total pressure downstream
of the external shock system. The simulation run is terminated at this

time.

Upstream Properties

The equations for computing the upstream properties, presented in
figure 87, are identical to those for the Started, Empty-Fill and Sub-
critical Phases except for the additions required to determine which Phase
was in effect when the hammershock was initlated and what the corresponding

upstream properties are.

Properties at Station X

Flow conditions for hammershock initiated in the Started, Empty-Fill,
and Subceritical Phases are illustrated in figures 88 and 89. To reduce

the logic required to compute properties at station X, it has been assumed

‘that hammershock will not be initiated during the Unstarting Phase, or

during the portion of the Empty-Fill Phase when the normal shock 1s moving
from the throat to the cowl 1lip station. Because the pressure gradlents
are not overly severe and the duratlon is small, the probability of engine
stall and hammershock occuring at such times is also small.

The logic and equations for computing properties at station X are

presented in figure 90. Inasmuch as flow is subsonic throughout the duét
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during subcritical operation, there is no internal normal shock (except
for the hammershock); and therefore, station X as previously defined does
not exist. However, it is convenient to maintain a similar camputing
format for all phases by arbitrarily setting X equal to the cowl 1lip
station. The simulation program then knows that flow is subsonic at any
statlon downstream of the cowl lip.

To further promote similarity in computing format » the concept of a

base flow, Wpgge , is introduced. Using this concept, Wy can be expressed

as

wbbx + AW'bb
Nx = wbase(l " Toase  Woase

Wpase 16 the flow at some base point station, Xp . Wppx 15 the bleed flow
between the terminal shock (other than the hammershock) and the base
station when the terminal shock is aft of the base station. At a station
upstream of X, , flow will be greater than Yhoase °Y Awbb ; the amount of
bleed flow from that station to Xy . Note that this bleed flow increment
must be computed for the flow conditions existing when Wpgge Was obtained.
In the Started Phase, for example, Woase ® Wiy 1s obtained with supersonic
flow upstream of X1y . Consequently the bleed- flow increment, 4Wyy , must
be camputed on the basis of supersonic flow upstream of the base point
statlon.

Inspection of figures 88 and 89 show that the components of the flow

are as follows according to the Phase in which the hammershock transient

was lnitiated.
Started Phase:

Yoase Y11
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Whox/Woase ™ Wobx/M11
&Wpb/Woage ™ Supx/MNiy

Empty-Fill Phase
Wbase ™ ¥
¥oox/ Yoase = Wppx/Wp

&y oage ™ SWpby /My

Subcriticel Phase

Woage ™ W1II
Woox/Whase = ©

8o/ Woase ™ Mooy /M1

Further details are given in figure 90.

Properties Upstream of the Hmmpershock

Properties Just upstream of the hammershock are computed on the
simplifying assumption that the terminal shock (other than the hammershock)
remains stationary from the initiation of the hammershock transient until
the hammershock wave overtakes and coalesces with it. During thls period,
the total pressure downstream of the terminal shock is -P_t.y inasmuch as the
'shock 18 assumed to be stationary. Similarly, flow at the hammershock
station, Wypgs , 1s equal to Wx less any bleed flow between the terminal
shock and the hammershock. After the shocks coalesce, the properties
upstream of the hammershock are, of course, identical to those upstream of
the terminal shock.

Detalls of the loglc and equations used can be seen in figure 91. Note

that when the hammershock reaches the cowl 1ip, flow at the cowl lip can
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become negative as described in the section, Forward Outflow.

Properties Behind the Hammershock

The equations for computing properties immediately downstream of the
hammershock are identical to those used in the Unstarting and Empty-Fill

Phases. The equations are shown in figure 92,

Effective Flow Area and Volume

In event the hammershock transient is initiated during the portion of
the Empty-Fill Phase when flow is separated, the effective flow area and
volume differ fram the geometric values. The logic used to compute effec-
tive area and volume is the same as that used in the Empty-Fill Phase except
that it is assumed that the degree of separation remains constant through
the hammershock transient. That is, the ratio of effective to geometric
throat area, ATef/AT » 1s constant at the value existing at initiation of
the Harmershock Phase. The equations for computing effective area and

volume are presented in figures 93 and 9% respectively.

Boundary Layer Bleed Flows

The logic used in computing bleed flows 1s. similar to that described
for the previous Phases except for the complications introduced by the fact
that the hammershock transient may be initiated in any of the three Phases,
Started, Empty-Fill, and Subcritical. By reference to figure 89, it can be
seen that the following relationships apply where @, -("bbx )/Ax, and

e
¢y - (wbbx X are the bleed flow slopes for supersonic and subsonic

Wpase
flow respectively,
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» Started Phase:

Xp< X < Xmox
X < Xg1

Xps > X111
X11 < Xgs < X111

Xgs < X11

Empty-Fill Phase

Xr < X € Xr11

X < Xp

Xps > X111

XIB<XT

Wobx/ V11
#x(Xry1 - X11)
$x(X - X11)

Tooyns/M11I
0

#y(Xgs - X111)

#y(Xps - X117)

Wobx/Wp
$x(X111 - *1)
Px(X - Xqp)

0

ﬁ;;&HS/wT
0

$y(Xps - Xrr7)

$y(Xgs - Xr11)

A Wpox/V11
0

0

¢x(xII - X)

A Wopy/ /Wy

By (X - Xp)

a;iy/WII

0
gy(X - Xr11)
gy(x - Xrr1)
A,

0
gy(X - X111)
gy(X - X111)



Subcritical Phase

Wobx/W1TT Woby/¥ 11T

X < Xg 0 #y(Xy - Xr11)
WobyRs/WIII

XI‘B > XIH 0

Xgs < X111 Py(Xgg - X1yp)

The logic for determining the various bleed flow quantities is shown

in the equation flow diagram of figure 95.

Bypass and Engine System Airflows

Bypass and engine airflow calculations, figure 96, are ideitical to

those used for the other phases.

Duct Volume Total Pressure Losses

To determine subsonic flow total pressure losses, a pseudo total pres-
sure loss from the terminal shock to the engine face station is first

calculated as
APyyo= €(Pgy - P))

With losses assumed to be distributed linearly with duct length, the total

pressure loss from the terminal shock to the hammershock becames
X -
AP, o= _Hs___x>4pt
tyxHS <X2 T X ye

Subsonic flow total pressure losses in the Hammershock Volume are assumed to
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. be negligible inasmuch as the exit flov and Mach number are lovw during the
hammershock transient. Subsonic flow total pressure loss equations are

presented in figure 97.

Hamme rshock Volume Mass and Total Temperature

Air in the Hammershock Volume is that initially in the volume plus the

difference between inflow and outflow in the ensuing interval. Inflow 18
the flow crossing the hammershock face of the Hammershock Volume. Outflow
{s the summation of the bleed flow from the Hammershock Volume, the bypass
flow, and the engine system flow. Engine System flow can be negative
(inflow) should there be flow reversal during engine stall.

Flov entering the Hammershock Volume is at the total temperature
immediately downstream of the hammershock, Tt,yHS . This flow 1s assumed
to mix instantaneously with the air the Hammershock Volume to give a uni-
form total temperature, Typg . Outflow 1s at the temperature Tyyg (if
reverse flow occurs during engine stall, the negative engine airflow will
be at the appropriate temperature rather than TtI-B)'

Figure 98 shows the equations used to compute Hammershock Volume mass

and total temperature.

Hammershock Volume Total Pressure

The basic logic for calculating Duct Volume total pressure in the
Unstarting and Empty-Fill Phases is used to compute Hammershock Volume

total pressure. Myg , the Mach number at the average density station in

the Hammershock Volume, is assumed to remain constant at its initial value.

Equations are presented in figure 99.

19



Hammershock Velocity and Position

The hammershock velocity is determined by iteration for the shock
velocity satisfying the instantaneous upstream and downstream total pres-
sures. Shock velocity is then integrated to determine shock position. The
required equations, figure 100, are identical in form to those used for
camputing terminal shock motion in the Unstarting and Empty-Fill Phases.

A function, which sets hammershock velocity to zero until Pyus 2 PexnAs »
has been added to minimize the effects of small inaccuracies in the initial
conditions.

As discussed previously, the terminal shock, 1if one exists, is assumed
to be stationary until it is overtaken by the hammershock. The two shocks
then become one shock having the velocity and position computed for the
hammershock.

Forward Outflow

As the hammershock moves forward of the cowl 1ip, duct total pressure
is freéquently higher than total pressure in the external flow Just forward
of the cowl station. Under such conditions, there will be flow from the
duct into the extermal flow.

With outflow from the inlet, the local external flow will be brought
to essentially stagnation conditions. Therefore static pressure at the
cowl lip will be Pyyp where Pyyp 1s the total pressure behind the external
normal shock for supersonic flight conditions or the freestream total
pressure for subsonic flight conditions.

If the Mach number at the throat station is subsonic during outflow,

the outflow quantity can be computed from total temperature, total pressure,



. static pressure, and area at the cowl station. That is,

-Pts g A M,
Jress VRO (1 .245)°

Yeo

where My is determined from the ratio of total to static pressure at the
covl 1ip, Pyps/PexE -

The flov calculated in the above method may exceed the maximum possi-
ble flov through the throat area, particularly at high inlet area contrac-
tion ratios. Outflow is then the flow computed for sonic velocity at the
throat,

-?E}EATA

W
fo r_-_TtIB

Outflow at any instant will be the lesser of the two flows camputed above.
Outflow will continue until Ppgg drops to PixE » Equations for computing

forward outflow are presented in figure 101.

Phase Switches

The Hammershock Phase is terminated when the hammershock moves forward
of the cowl lip and duct total pressure becomes equal to or less tinn
external flow total pressure at the cowl lip. Physically, inlet operation
would then change to either the Empty-Fill Phase or the Subcritical Phase.
In practice, it is usually desireable to terminate the simulation run
following a hammershock transient. The Phase switching logic of figure 102
terminates the entire simulation run at the end of the Hammershock Phase.

Attention is called to the fact that the combination of a mild engine

stall initiated during highly supercritical started inlet operation can
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result in a hammershock transient wherein the coalesced hammershock~
terminal shock will become stabilized before reaching the cowl lip. That
is, the inlet will remain started. This possibility is not considered in

the Phase switching logic of figure 102.

Outputs to the Air Induction Control System

Inlet signals to the control system are generated using the same

basic logic described for-the previous Fhases.
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INITIAL CONDITIONS

Certain initial conditions must be computed at the beginning of each
Phase of inlet operation. With the exception of the Unstarting Phase,
each Phase may be initiated either in a steady state condition or in a
transient condition carried over from the previous Phase. In either event,
it 1s usually desirable to keep those equations required only to compute
initial conditions outside of the main body of the simulation program.
Then, only those equations needed in the dynamics calculations need be
carried along continually. Care must be used, of course, to ensure that
the initial conditions calculations are consistent with the dymamics

equations.

Started Phase

Quantities which must be known upon initiation of the Started Phase

, Wa , Tta » Ka , Copiyvp » and X.
, the air quantity initially in the Helmholtz Volume, is evaluated

Eﬂl‘ gl

by use of Simpson's Rule. That 1s
Z
Tu= [ (ePm)ax
X
- Z—;—f(wmg W(gfh) * 2(efh)2* Wesh)3* 2(ef)y

+ -t l"(EPA)n_]_"' (M)n)

Where n 18 the even mmber of equal length increments into which the

Helmholtz Volume is divided and the stations O, 1, ---n are as shown in

figure 103,
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At any station J,

(goa)y = 0l
J

At a station Xy < XIII

— (X3 -x
Wy ™ WII - Wobx - ooy ( o x)

At a station XJ 2 XIII
Wy= WIT - Wx - Woby

MJ is obtained by iteration to determine the subsonic solution of the

equation,
MJ th /F
2

(1 +.2M )3 AJ Pey
where

Tey = Tex = Teo
and

P =P .4 (ap,..)

tJ ty " n tyz
Finally,

Uy = My YerTy MJ\/1+2MJ \ﬂR

In the XB-70 program, the Helmholtz Volume has usually been divided
into 10 equal-length segments for the 9_73 calculation. The same basic logic
is used to determine the air quantity initially in the Duct Volume. Because

it is considerably larger, the Duct Volume is usually divided into 100



» equal-length segments. Further, because the upstream face of the Duct

volume will almost invariably be aft of the boundary layer bleed section,

flov at each station will be the same value. That is,
Wy™ Wiz - Wpox - Wooy
For steady state initial conditions,

Tea = Tio

The procedure for computing K, 1s described in the section, Duct

Volume Pressures, of the Started Phase. To reviewv,

- 2/5 i
wa={ 5|22 /2) " -al )
RT¢qa/ Va
2.3
- Trd R (1+ .2M1)
SR

Adgeo'__!d-_
Xe - Xz

Ky = Ad/Adseo

The effective bypass area required for the steady state initial termi-
nal shock position is that value required to balance the airflow supply and

demand. With supply and demand being, respectively,

W1r - Woox - Yooy

wbp + w2 + w.
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the effective bypass area is

Wopy/ T VT
Cop App = PPV Tto = to (wn - Wobx = wb‘oy -V, - Wy)

Ptbp A Ptbp A

wvhere
Peop ™ Kop Pro ™ Kyp (Pyy - 8Py, - 4P 9 - 4Py4)

and Wp and Wy are functions of Pyp , Ty p , and throttle position. Note
that Pyp 1s uniquely defined by the initial geometry, upstream properties,
and the termlnal shock position during steady state conditions.

The initial steady state terminal shock position is either input
directly by specifying X, or indirectly by specifying the Shock Position
Parameter, SPP. If SPP is input, the initial conditions program assumes a
value of X, computes the resulting value of SPP and compares this with the
input (scheduled) value of SPP. This procedure is repeated until
SPP - SPPSched. is within a specified tolerance. This trial and error pro-
cedure has usually been accomplished by use of the "Slope Method" in the
XB-70 program as illustrated in figure 104, In this method SPP is computed
for the maxlimum and minimum anticipated values of X, and the error between
the scheduled and computed SPP is determined. A straight line, Chord 1 of
figure 104, is then drawn. The intercept of the chord with the zero error
line determines the value of X, to be used in computing the error, (4SPP).
The procedure is continued as illustrated until X gives an error, 4SPP,
within the allowable tolerance.

The preceding calculations are all based on the assumption of steady
state conditions. Consequently, Wy ™ ‘L?H y Wg = bfd » Ttd ™ Ttq , and

Peg = Prq . If the Started Phase is initiated from non-steady state
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« conditions, the same calculations described above are used to compute the
quasi-steady state parameters. These are then corrected to the non-steady

state initial conditions as follows:

P T =
g_n' td ‘to Wy
Ptd Tea
- P T =
‘_ld-M Wa
Pea Tta

vhere Ptd and T,y are the instantaneous values carried over from the
previous phase, Practlically, the changes in gecmetry, attitude, and/or
airflow demand required to restart an inlet are generally slow relative to
the duct dynamics. Consequently instantaneous values of the required para-

meters will be close to the quasi-steady state values.

Unstarting Phase

Properties which must be known at the initiatlon of the Unstarting
Phase are Mg , Vzd s Ttd » gu » and Ty, . Generally, the Unstarting Phase
will be initiated as a continuation of the Started Phase. At the Phase
change, the simulation model changes in that the Helmholtz Volume and the
Duct Volume of the Started Phase are combined to form the single Duct

Volume of the Unstarting Phase. That is,

(Va)ynstarting = (Vd + VH)startea
Phase Phase

similarly
- - (T. 43
(!d)Unstarting (Hd HH)St&gged
se

Pha. Pha

Further, the total pressure and total temperature at the engine face are
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continuous functions through the Phase change so that,

(Pe2)ynstarting = (Peo)startea
Phasge

Phase
and,
(Te2)ynstarting (Tea)unstarting ® (Tt2)started
Phase Phase Phase
Mg , the Mach number at the average density station in the Duct Volume
Inasmuch as

will change because the Duct Volume changed.

RTeg (1% .2M45)°

W= 8R
Mg 1is
L L
vy - 5(ﬁ___ 1
"a [ Tta Wa

where
Pra = Pep + AP 40

At the Phase switch, the Upstream Normal Shock, arbitrarily located a

small but finite distance upstream of the throat, will not yet be in motion.

Consequently
Teu ® Teo
and Py = ?g&

Air quantity in the Upstream Volume is

Tom _ PtyuVy ,
RTpo (1 +.214,7)27

m



where

() ()

and Mx'u PN and Pi., 8are calculated in accordance with the dynamics

equations.

Empty-Fill Phage

Initial conditions which must be calculated for the Empty-Fill Phase
are My , Tyq and V_-l'd . When the Phase is initiated as a continuation of
the Unstarting Phase, the Mach number, My , computed at the initiation ofi
the Unstarting Phase 1s carrled over and used during the Empty-Fill Phase.
While an approximation, this value is reasonably correct inasmuch as the
terminal shock 1ls close to the throat station upon initiation of both the
Unstarting Phase and the Empty-Fill Phase. Further, the simulation is not
overly sensitive to the accuracy of My .

Engline face total pressure and temperature are continuous functions

through the Phase switch. Consequently

(Pea )Empty-Fill = (Peadynstart ing
Phase Phase

and,

(Te2) gty -Fi12 = (Ttd)Empty ri11* (T62)ynstarting
Phase Phase Phase

Air in the Duct Volume is

Pra Vaep

RTpq (1+ .24 )25

L‘SI
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where

Pra™ Peo* APgp

In event a simulation run is initlated in the Empty-Fill Phase, the
initial terminal shock position is specified and the value of Wy 1is
camputed in the same procedure used for the Started Phase. My 1s then

camputed as
L 1

™
RTt g Wa

Subcritical Phase

Required initial conditions for the Subcritical Phase are Ttd » Mg »
and gﬁ . When the Subcritical Phase is initiated as a continuation of the
Empty-Fill Phase, My is carrled over from the Empty-Fill Phase to the
Subcritical Phase, As engine face total temperature and total pressure

are continuous during the Phase switch,

‘i

(Tte)Subcritical = (Ttd)Subcritical = (Tt?—)mpty-mll
Phase Phase Phase

and

(Pe2)guberitical ™ (PtQ)Ehnpty-Fill
Phase Phase

Air in the Duct Volume is

- Pra Vg
2
RTpq (1 + .2437)2%"

bJSI

where

Prg™ Pot 4Pgp



If the Subcritical Phase 18 initiated from steady state conditions,
gd is computed by use of Simpson's Rule in a procedure similar to that

used in the Started Phase. My 1s then calculated as

o
- Pa Vg _
T [C@m ‘?d) l]

Hammershock Phase

Initial conditions which must be computed or input for the Hammershock
Phase are Myg , Wgs , and Tigg -

By the nature of the trancient, Myg , the Mach number at the average
density station in the Hammershock Volume will be low during the Hammershock
Phase. Consequently an assumed constant value 1s input, usually between O
and 0.2.

The hammershock wave 1s initlally located just far enough upstream
of the engine face to create a finite Hammershock Volume. Initial total
pressure and temperature in the volume will, therefore, be equal to the
engline face total pressure and temperature at the instant of the Phase
switch. Then,

7 Ptps VBs
i = 23,5
Rl‘tm(l + ‘QMHS )

where

Pepgs = Pyo

TetHs = Tio
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Primary Symbols

Symbol

DSP

92

SYMBOLS AND NOTATION

Definition

speed of sound

flow area at the station designated by the subscript
average geametric area, volume/length
specific heat at constant pressure
maln bypass area flow coefficient
bypass area flow coefficient

trim bypass area flow coefficient
Downstream Shock Parameter, Ppgs/PB o
acceleration due to gravity

stream tube height

mechanical equivalent of heat

ratio of flow area at the average density statlon to
the average geametric area in the Duct Volume, Ad/Adgeo
Pyyp/Peo

value of Prq/P_ at which separated boundary layer flow
reattaches

input constant - if (dWe/We)/dt 2 Kyg, inlet operation
switches to the Hammershock Phase

empirical factor to account for boundary layer-shock
interaction effects

empirical value of Wp/Wyr at which inlet restart occurs

flow coefficient for the inlet throat ares under sonic-
flow conditions

portion of the subsonic total pressure loss between
stations Y and Z



«

Primary Symbols (Continued)

KzQ

Py
Ptx/Pto
(Ptx/Peo)g
(Ptx/Pto)s
Qe

R

SFP

portion of the subsonic total pressure loss between
stations Z and 2

length of the Helmholtz Volume
Mach number-at the station designated by the subscript

static pressure at the flow station designated by the
subscript

total pressure at the flow station designated by the
subscript

local to freestream total pressure ratio immediately
upstream of the terminal normal shock in the started
and the Unstarting Phases

local to freestream total pressure ratic downstream of
the external normal shock and upstream of the terminal
shock in the Empty-Fill Phase

local to freestream total pressure ratio upstream of
the external normal shock or pseudo-normal shock in the
Subcritical Phase

compressible flow dynamic head, Py - P

gas constant

shock position parameter, PSPM/PSPR

time

static temperature at the flow station designated by
the subscript

total temperature at the flow station designated by the
subscript

veloclity relative to the duct
velocity relative to the assoclated normal shock
volume

airflow at the station designated by the subscript,
weight/time
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Primary Symbols (Continued)

Wobx

Wobxu

Woby

Wobyu

bleed flow downstream of X117 and upstream of the terminal
shock (supersonic flow region)

bleed flow upstream of X7 and the terminal shock
(supersonic flow region)

bleed flow downstream of Xyy end the terminal shock
(subsonic flow region)

bleed flow upstream of X1y and downstream of the
terminal shock (subsonic %low region)

flow through throat under sonic-flow conditions

alr quantity in the volume designated by the subscript,
welght '

empirical value of mass flow ratio below which buzz
occurs

‘terminal shock station, upstream face

flow station as designated by the subscript
terminal shock station, downstream face
flow station at the interface between the Helmholtz

Volume and the Duct Volume in the Started Phase
simulation model

angle of attack
ratio of specific heats, cp/cv

maximum deflection angle for attached flow

subsonic flow total pressure loss between the stations
indicated by the subscripts

non-dimensionalized time after flow reattachment begins
non-dimensionalized time after flow separation begins

subsonic flow total pressure loss coefficient
€ = AP;/(Py - P)

sonic flow constant, 78 M where M : 1.0
R (1+ .24°)3
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> Primary Symbols (Continued)

e L

Subscripts
Subscript

base
bm
bp

bt

ef

-

mass density at the station designated by the subscript

bleed flow ratio slope, (Wyyy/Woase)/dX, Supersonic
bleed flow ratio slope, (wbby/wbase)/dx, Subsonic
bleed flow ratio slope, (wbbyu/wbase)/dx

angle of yaw

Description

reference or base value of parameter

main bypass

bypass

trim bypass

station in the Duct Volume where the density is equal
to the average density in the Duct Volume - also,

parameters associated with the Duct Volume

property at station 4 as computed from the Helmholtz
Volume side

station just upstream of where the bypass and engine
system alrflows divide

parameter appliceble to Empty-Fill Phase

effective value of parameter as distinguished from the
gecometric value

property in the Helmholtz Volume
property in the Hammershock Volume
velue at the initiation of the Phase

cowl 1lip station
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Subscripts (Continued)

TAB

yHS

zD

zH

nth value or element
freestream value

downstream station where flow separation ends and where
flow reattachment begins

property of the englne secomlary airflow
parameter applicable to the Subceritical Phase

throat station

nr

parameters applicable to the test data used for empirical

tables of boundary layer separation and reattachment

characteristics

properties in the Upstream Volume

immediately upstream of the terminal shock i
immediately upstream of the Upstream Normal Shock

immediately upstream of the hammershock

immediately downstream of the terminal shock

immediately downstream of the Upstream Normal Shock

immediately downstream of the hammershock

property at the interface between the Helmholtz Volume
and the Duct Volume

property at the interface between the Helmholtz Volume
and the Duct Volume as computed fram the Duct Volume
side

property at the interface between the Helmholtz Volume
and the Duct Volume as computed fram the Helmholtz
Volume side

engine face station

upstream end of the boundary layer bleed area



,Subscripts (Continued)

II

III

Superscripts
Superscript

)

()

boundary layer bleed campartment station, usually
located slightly forward of the geometric throat
station - bleed flow forward of this station is not
affected by the position of the terminal shock during
started operation

downstream end of the boundary layer bleed area

Description

quasi-steady state value for the instantaneous terminal
shock position

parameter relative to the non-geametric station
designated by the subscript
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Figure 4.

§§ / 4___5 g.gminal shock

Unstart caused by throat choking begins with the
formation of a normal shock in the throat, "h'".

As this shock moves forward, the terminel normal
shock moves forward, and may catch and coalesce
with the upstream normal shock before it reaches "i"

Chcked Throat-Induced Unstarting Phase of Inlet Operation
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APPENDIX A

INSTANTANEOUS MOMENTUM SIMULATION MODEL FOR THE STARTED PHASE

The "instantanecus momentum” model differs from the "frozen plug" model
described in the text only in the assumptions made relative to the Helmholtz
Volume,

In the "frozen plug" concept, flow throughout the Helmholtz Volume is
assumed to be in instantaneous equilibrium with conditions just downstream
of the terminal shock. Consequently, P,y , the pressure at the downstream
face of the Helmholtz Volume, can be computed knowing only the upstream
properties and the terminal shock velocity. P,p » static pressure at the
upstream face of the Duct Volume is then camputed from continuity relation-
ships. During non-steady state conditions, P,y differs from P,p « The
difference of these pressures acting on the common interface provides an
unbalanced force acting to change the momentum of the air in the Helmholtz

Volume,

WH  ax
afl %
(PzD - 1:’zH) Ay = af(—g aj)

By contrast, in the "instantaneous momentum" concept, the momentum

equation for the air in the Helmholtz Volume is

PA, + P A, - P, Az+wy21-wzuz =d_%(w£;x_)
g g dt

Figure A-1 illustrales the forces acting on the air in the Helmholtz Volume.
To evaluate the momentum equation, the assumption is made that P, ,

the wall force pressure, 1s between and proportional to the static pressures
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APFENDIX A (Continued)

at the upstream and downstream faces of the Helmholtz Volume. Specifically,
it is assumed that

Py « KPy+ (1 - K)P,

or

K« Fz-®
P, - By

The further assumption is made that the factor K computed for quasi-steady

state conditlons is applicable to dynamic conditions. During quasi-steady

state conditions,

d "H dX}= 0

Therefore

Then, for dynamic conditions

Py Ay = P, Ay - Py Ay

- w;: U::
+ Pz Py zr E& -
F - ?:,_r g g

Substituting the wall force equation into the momentum equation,

Py - Py\¥W, Uy Wy Uy\ W, U - W, UN a4 v:.r_ﬂ_ x
Fz -PFy\ 8 g g8 g8 dt\g8 dt

An alternate form of the above equation is
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APPENDIX A (Continued)

Py - Py [—o 2 —
2 X (FYR, A, - By a) - (oM a, - moymay
P, Fy |

« 3 (YW &
I\ &

Simulation runs have shown that the "instantaneous momentum" concept,

as campared to the "frozen plug" concept, has the following characteristics.

1) The physically unrealistic discontinuity in pressures at the
interface between the Helmholtz Volume and the Duct Volume is
ellminated.

2) The dynamic response characteristics are much more sensitive to
the selected length of the Helmholtz Volume. This factor enables
better matching of test and simulation data, but introduces further
uncertainties when test data is not available to help determine
Helmholtz Volume length.

3) The simulation equations are more numerous, and the ratio of

computer time to yeal time is greater.

21k

Jd



€

APPENDIX A (Continued)
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